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Abstract 
The release of persistent and toxic organic pollutants such as polycyclic aromatic 
hydrocarbons, pesticides and dyes creates a great burden to our health and 
environment. Bioremediation involves microbial enzymes to degrade pollutants for 
environmental cleanup. Traditionally commercial enzymes come from microbes and 
plants, and are quite expensive for real application in removal of organopollutants. 
My research aims to evaluate the use of spent mushroom compost (SMC) as a 
cheaper source of ligninolytic enzymes — the well-known degradative enzymes. 
Fresh SMC of Pleurotus pulmonarius allowed the greatest recovery of immobilized 
ligninolytic enzymes including laccase (3.64 土 0.45 |liM cation radical formed min"^) 
and manganese peroxidase (MnP) (1.22 土 0.07 }iM indamine dye product formed 
mirfi). The enzyme cocktail also contained cellulose-degrading enzymes namely: 
carboxylmethylcellulase and p-glucanase, and xylan-degrading enzyme xylanase. 
The optimal enzyme recovery was obtained by shaking one gram SMC with 60 ml 
distilled water or 160 mM sodium acetate buffer at pH 5 for three hours at 120 rpm. 
The molecular sizes of laccase and MnP were both within the range from 35.5 to 50.7 
kDa and partial purification of crude enzyme preparation by dialysis could not 
enhance their activities. In addition, enzyme cocktail was freeze-dried into powder 
for storage. Storage at -70°C could maintain MnP and laccase activities for one and 
two months respectively. Laccase in powder was more stable than liquid preparation, 
while MnP stability was the same in both forms. The enzyme powder consisted of 
21+1% crude protein, metals including abundant K, Na, Ca, Mg, Mn, and anions 
including CI", PO?' and SO/-. 
The best conditions for crude enzyme preparation giving the highest total ligninolytic 
enzyme activities (laccase plus MnP) were determined: an enzyme cocktail prepared 
by adding enzyme powder into distilled water in a ratio of 80:1 (mg/ml), was 
incubated at 45�C and pH 3, together with 0.4 mM Cu^^ and 4.3 mM Mn^ .^ In the 
presence of 0.5 mM malonic acid, MnP stability increased from half an hour to one 
i 
hour and always maintained a higher activity than the case without malonic acid. 
The degradation abilities of crude enzyme preparations towards organopollutants 
were revealed as each U of total ligninolytic enzyme activities removed 23.311.0 
nmoles naphthalene, 9.8+0.1 nmoles phenanthrene, 5.5 土 0.1 nmoles 
pentachlorophenol, 14.3+0.0 nmoles 4,4-DDT and 19.6土0.3 |imoles Indigo carmine. 
Moreover, the order of relative susceptibility to degradation was: Indigo carmine > 
naphthalene > 4,4'-DDT > phenanthrene > pentachlorophenol. This susceptibility 
may be correlated with ionization potentials and/or molecular structures of the 
pollutants. In order to assess whether degradation removal is equivalent to 
detoxification, the breakdown products of the tested pollutants were assessed by 
Microtox® assay. The results show that the toxicities of the pollutant-contaminated 
samples were significantly reduced after enzymatic treatment. Therefore, enzymatic 
degradation is a good way for environmental cleanup. 
In conclusion, the results demonstrate the potential in employing SMC of Pleurotus 
pulmonarius as a source of organopollutant-degrading enzymes in bioremediation. 
Low cost, abundance and readily availability add further advantages to use SMC as a 
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每個木素降解酶活性總和單位能移除23.3±1.0 nmoles萘�9.8±0.1 nmoles菲、 
iii 
5.5土0.1 nmoles 五氯苯酚�14.3±0.0 nmoles 4,4-二氯二苯三氯乙院和 19.6土0.3 
^imoles靛籃色素，由此顯現酶抽取物具備降解有機污染物的能力0而且’酶抽 
取物降解污染物的容易程度順序爲：聢籃色素〉萘> 4,4-二氯二苯三氯乙院 
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1. Introduction 
1.1 Organic Pollutant and Environment 
Rapid industrialization of agriculture and expansions in chemical industry release a 
variety of organic chemicals e.g. industrial substances such as poly chlorinated 
biphenyls (PCBs); pesticides including DDT, chlordane，and toxaphene, and several 
unintentionally combustion by-products such as dioxins, furans and polyaromatic 
hydrocarbons (PAHs); into the atmosphere, the hydrosphere and/or the soil 
environments (Gianfreda & Bollag, 2002). Every year there is massive influx of 
100,000 man-made xenobiotics in commercial use, and hundreds of new ones into 
our environment. The major chemicals of concerns are pesticides, polyaromatic and 
polychlorinated hydrocarbons and organic solvents (OECD, 1994; Weissbach & 
Boeddicker, 1998). Some xenobiotics are highly toxic, mutagenic, carcinogenic, 
bioaccumulative and persistent to physical, chemical or biological degradation 
(Gianfreda & Bollag, 2002). This creates a great burden to our environment and 
causes adverse effects to human health and the environment. For instance, banned 
CFCs and industrial cleaning solvent trichloroethylene are well-known chemicals 
destroying ozone and creating a stratospheric hole which in turn poses a hazard to 
human health and damage to vegetation. The U.S. National Research Council 
estimates that up to 20,000 Americans may die each year from cancer related to 
eating foods grown with pesticides and as many as 50 million Americans drink 
pesticide-polluted water (cited in Dunn, 1997; Callahan, 2000). 
Some major sources of pollution with organic chemicals are current or 
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decommissioned industrial sites where there has been spillage of wastes e.g. 
pesticides, agricultural runoff and oil (waste and spilled) from ships, refineries, 
petrochemical plants, offshore oil drilling, and dumping of industrial and automobile 
oils. These pollutants cause the pollution of major estuaries and lakes, much of the 
world's groundwater, and even the polar ice caps. Leakage of gasoline and other 
petroleum products from underground not only contaminates soil, but also pollutes 
groundwater. About 4 million metric tons of oil, more than one-fourth of which is 
intentionally dumped by ships, pollute the oceans each year (OECD, 1994; Dunn, 
1997; Callahan, 2000). Soils and groundwater are usually the sinks for pollutants and 
Table 1.1 below shows common pollutants in soil and water and their sources and 
locations: 
Table 1.1 Common pollutants in soil and water (Gianfreda & Bollag, 2002). 
Chemicals Potential source Location 
Pesticides Pesticide manufacture; Soil, water and 
pesticide application sediments 
Volatile organic compounds (e.g. Industrial and commercial Soil 
benzene, toluene, xylenes, wastes 
dichloromethane, trichloroethane, 
trichlorethylene)  
Polychlorinated biphenyls (PCBs) Insulators in electrical Soil, water 
(100 different isomers in commercial equipment 
use)  
Chloroderivatives (e.g. Paper mill effluents; Soil, water 
chlorophenols, chlorobenzene) bleached kraft mill effluents; 
wood industry; solvents, 
intermediates in pesticide 
manufacture  
Polycyclic aromatic hydrocarbons Creosote waste sites; fossil Soil, water 
(PAHs) (e.g. naphthalene, fuel wastes; by-products of 
anthracene, fluorine, phenanthrene) old gas manufacturing  
Elevated levels of organic pollutants in the air, water, fish, marine mammals and in 
2 
human tissues, due to its persistency and bioaccumulation through food webs, are not 
only a local or regional problem but also a worldwide problem. 
1.2 Polycyclic Aromatic Hydrocarbons 
Polycyclic aromatic hydrocarbons (PAHs) are common and challenging 
contaminants that affect the world, due to their persistence, via their abilities to 
bioaccumulate, and both acute and long-term toxicities including carcinogenicity to 
marine organisms (Swartz et al., 1990; Weston, 1990; Landrum et al., 1991; Menzie 
et al., 1992). Trophic transfer of PAH residues and biotransformation products with 
ultimate exposure to humans have also been concerned (Giessing et al., 2003). 
Common sources of PAH include 1) incomplete combustion of organic materials; 2) 
petroleum refinery; 3) manufactured gas production; 4) wood treatment facilities; 
and 5) automobile exhaust (Durrant et al., 1999; Sayler et al., 1999). Soil and 
sediment are the major sites for their accumulation (Durrant et al., 1999). PAHs are a 
class of fused-ring aromatic compounds with different arrangements, including 1) 
linear, e.g. naphthalene; 2) cluster, e.g. pyrene; and 3) angular, e.g. phenanthrene 
(Crawford & Crawford, 1996). By definition, it is basically composed of carbon and 
hydrogen only. The stability of a PAH depends on several factors. The first factor is 
arrangement. PAHs with angular arrangement usually have a higher stability than 
cluster arrangement while linear PAH is usually the least stable (Harvey, 1997). 
Another factor affecting PAH stability is their water solubilities. Most PAHs are not 
water-soluble and the greater the hydrophobicity, the more difficult to be degraded 
(Cemiglia, 1992). The number of rings in a PAH would also affect its stability; 
generally PAH with more ring would be more difficult to be degraded (Cemiglia, 
1992). As the molecular size of a PAH increases, genotoxicity and the recalcitrance 
3 
property will usually also increase while its water solubility decreases (Cemiglia, 
1992). The genotoxicity of PAHs tested by different tests such as Ames test and 
chromosomal abbreviations showed that PAHs of high molecule weights such as 
benzo[a]pyrene are carcinogens (Cemiglia, 1992). Table 1.2 indicates the physical, 
chemical and biological properties of two selected PAHs for examination in this 
study. 
Table 1.2 Detailed physical, chemical and biological properties of the model PAHs 
including naphthalene and phenanthrene in the present study (van Agteren et aL, 
1998; Juhasz & Naidu, 2000; http://www.speclab.com/compound/c85018.htm; 
http://www.speclab.com/compound/c91203 .htm). 
EPA priority pollutant Naphthalene Phenanthrene 
CAS number ~~ 91-20-3 85-01-8 _ 
Appearance Colorless solid with an Colorless solid or 
odor of mothballs monoclinic crystals 
Number of aromatic rings 2 3 
Ring arrangement Linear Angular  
Molecular formula CipHg ChHiq  
Molecular weight (g mol'^) 128.18 — 178.24 
Melting point f C ) 80.2 ^  
Boiling point (°C) 217.9 
Vapor pressure at 2 5 �C (Pa) ^ 9.07 x 10'^  
Water solubility at 2 5 � C (mg L'^ ) 31.7 
Ionization potential (eV/ ^ ^  
LD50 rat (oral in mg kg—y — 1,780 700 _ 
Field half-life (days) > 80 648 
a Ionization potential: Energy required to remove an electron and to from a PAH 
cation radical (Cavalieri et al； 1983; Bogan & Lamar, 1995; Hammel et al., 1996; 
Pickard et al., 1999). 
b LD50: Lethal dose means the amount of a chemical it took orally to kill 50 % of 
rats. 
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1.2.1 Distribution and treatment standards of two target PAHs 
The contamination of PAHs is territory-dependent. In undeveloped area, soil 
contamination with PAHs was low; only 5 ng PAH g] of soil. In contrast, a much 
higher level: 1.79 x 10^ ng PAH/g of soil was found in an oil refinery region 
(Johnson et al., 1985). In the marine sediment of urban estuaries, the PAH 
contamination exceeded 10^  ng/g of sediment (Johnson et al., 1985). This indicates 
that urban region is more associated with PAH contamination than rural area. Some 
PAHs are quite stable, e.g. the half life of benzo[a]pyrene in soil is up to 200-300 
days (Cemiglia, 1992). Table 1.3 shows the concentrations of some PAHs in 
contaminated soils and sediments (Bewley et al., 1989; Weissenfels et aL, 1990; Ellis 
et al., 1991; Muller et al., 1991a &1991b; Erickson et al., 1993; Wilson & Jones, 
1993; Juhasz et aL, 1996). Based on its known or suspected acute toxicity, 
mutagenicity and carcinogenicity, 16 PAHs are listed as priority pollutant by the 
USEPA (Juhasz & Naidu, 2000). Table 1.4 shows the treatment standards for the two 
target PAHs, naphthalene and phenanthrene, by different countries in this study. 
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Table 1.3 Concentrations of two model PAHs, naphthalene and phenanthrene, in 
contaminated soils and sediments. 
PAH concentrations at Naphthalene Phenanthrene 
contaminated soils and sediments 
(mg kg-i)  
Wood-preserving^  
Surface-soil 1 H  
^bso i l 3,925 4,434 一 
Creosote production  
• a g e 1,313 1,595 — 
i^nge - <1-5,769 76-3,402 — 
Wood treatmenf 92 一 1,440 
Coking plant� 一 5 9 — 2 7 
Gas works� No available data 150-716 
Petrochemical plant* ^  
Manufacturing gas plant^ ^ ^  
a Muller et al (1991a and 1991b); b Ellis et al. (1991);�Weissenfels et al (1990); ^  
Wilson & Jones (1993); ‘ Bewley et al (1989); ^Juhasz et al (1996); ^ Erickson et al 
(1993) 
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Table 1.4 Cleanup criteria of two PAHs in soil and water (Wilson & Jones, 1993; 
Crawford & Crawford，1996). 
EPA priority pollutant | Naphthalene | Phenanthrene 
Standards in soil  
US standards LDR' | 3.1 1.5 一 
(mg kg'^  dry weight) Proposed UTS^ 5.6 5.6 
European (Dutch) standards A 0.015 0-045 
(mg kg"^  dry matter) B 5 
C 50 100 
Canadian standards for 0.1 0.1 
Assessment (mg kg])  
Standards in water  
US standards in water (mg LDR" 0.059 0.059 — 
L-i) Proposed UTS' 0.059 0.059 
European (Dutch) standards A 0.02 
(昭 L-i) B 1 2 一 
C ^ 10 
Canadian standards for 0.2 0.2 
Assessment (|ag L"^ )  
a LDR: Land disposal restrictions based on constituent concentrations in wastes 
b UTS: Universal treatment standards 
A: Indicative value for natural background levels: target value at 10 % organic matter 
and 25 % clay on a dry-matter basis (concentration of dissolved PAH for 
groundwater) 
B: Indicative value for elaborate investigation 
C: Indicative value for clean-up investigation and operation 
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1.3 Pentachlorophenol 
Pentachlorophenol (PCP) is a chlorinated phenol with halogen groups and an 
aromatic ring that is toxic to most organisms. It has been widely used as a wood 
preservative, fungicide, bactericide, herbicide, algicide and insecticide (Litchfield & 
Rao, 1998). PCP acts non-specifically as a broad-spectrum biocide by uncoupling 
oxidative phosphorylation to make cell membranes permeable to protons, resulting in 
dissipation of transmembrane proton gradients and consequential electrical potentials 
(McAllister et al., 1996; Tanjore & Vimraghavan, 1996). It was banned in most 
countries including Sweden, Finland, Germany, U.S.A., Canada and Japan and a 
listed chemical under the Rotterdam (PIC) Convention, due to its toxicity and 
persistency in the environment (Haggblom & Valo, 1995; Chiu et al., 1998; 
Litchfield & Rao, 1998). PCP is relatively difficult to be degraded because the 
catechol analogues cannot be formed through oxidative aromatic ring cleavage due to 
the presence of ortho-chlorine atoms rather than hydroxyl functional group 
(Apajalahti & Salkinoja-Salonen, 1984). Also, enzymatic dehalogenation is sterically 
hindered by the chlorine atoms at the 3 or 5 meta position (Litchfield & Rao，1998). 
PCP can be absorbed by the lungs, skin and gastrointestinal tract, and cause 
haematologic, reproductive and cardiovascular effects, the reference dose (RfD) of 
PCP to human is 0.03 mg kg'^  d'^  while for inhalation perspective, EPA permissible 
exposure limit (PEL) of 0.5 mg m"^  causes respiratory discomfort in most individuals 
(Kamrin, 1997). PCP is classified by lARC in Group 2B, possibly carcinogenic to 
humans (http://www.epa.gov). Table 1.5 summarizes the physical and chemical 
properties of PCP. PCP is a hydrophobic compound with low water solubility, low 
vapour pressure and strong sorption tendencies (Homsby et al., 1995). It is resistant 
to degradation in both soil and water systems. 
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Table 1.5 Physical and chemical properties of pentachlorophenol (Mateen et al., 
1994; Homsby et aL, 1995; Larson et al., 1997; http://www.epa.gov). 
Pentachlorophenol 
CAS number — 00087-86-5 
Molecular formula C6HCI5O  
Molecular weight (g mol"^) 一 266.35 
Melting point — 190-191 
Boiling point (°C) “ 310 
Vapor pressure at 2 5 � C (mm Hg) 一 1.1x10""  
Water solubility at 2 5 � C (mg L'^)" 11-14 
Sorption coefficient ( K � � ) 3000-4000 in sediment 
LD50 (oral in mg kg'')' Male: 146 
Female: 175 
Field half-life (days) Up to 178 in soil  
Up to 200 in water 
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1.2.1 Distribution and treatment standards of two target PAHs 
Because of its widespread use, general toxicity and persistence in the environment 
(due to high degree of chlorination), residues of PCP have been detected in surface 
waters and sediments, rainwater, drinking water, groundwater, streams, aquatic 
organisms, soils and food，as well as human milk, adipose tissue and urine, identified 
in at least 246 of 1350 hazardous waste sites on the USEPA's National Priority List 
(ATSDR, 1997; Larson et al” 1997; Ho & Bolton, 1998; Stringer & Johnston, 2001). 
Since the 1960s large amounts of PCP (approx. 5.5 million kg"^  y]) have been 
sprayed over vast areas of central China as a molluscicide to control schistosomiasis 
(Schecter et al., 1996). PCP released into the atmosphere from treated wood can be 
transported to surface waters and soils through wet deposition (Stringer & Johnston, 
2001). In France, PCP concentrations in sediment (freshwater) and freshwater were 
20-63 and 0.005-3.3 [ig L"^  respectively (Eduljee & Muir, 1999). The half-life of PCP 
in soil was up to 178 days and is defined as persistent (with half-life over 100 days) 
in the soil environment (Larson et al., 1997; Buyiiksonmez et al., 1999). The half-life 
of PCP in water system was also up to 200 days (Larson et al., 1997). About 48% of 
PCP will eventually end up in terrestrial soil. About 45 % will end up in aquatic 
sediments and a small portion of 5.3% and 1.4% will end up in water and air 
respectively (http://www.maiLodsnet.com/TRIFacts/292.htm). Around the sites close 
to wood treatment facilities, several thousand milligrams PCP per kg soil were found 
at depths exceeding one meter from the surface while the groundwater frequently 
contaminated with concentration up to 5 mg L] (Bajpai & Banerji, 1992). Table 1.6 
states the cleanup standard for drinking water with reference to health hazard to man 
and aquatic organisms by USEPA. 
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Table 1.6 Standards and criteria for protection of human and aquatic organism health 
for pesticides targeted in drinking water (Larson et al., 1997; http://www.epa.gov). 
Human Health Aquatic organism Health 
HA^ USPEA 
M C L � MCLG(b) Child I Adult S N A R L � Acute Chronic NAS 
PCP 1 0 300 220 21 20 13 nsg 
Concentrations are in microgram(s) per liter (|ig L]); nsg, no standards given. 
(a) MCL, Maximum contaminant level for drinking water established by the U. S. 
Environmental Protection Agency (USEPA) 
(b)MCLG, Maximum contaminant level goal for drinking water established by the 
USEPA (equal to zero for known or probable human carcinogens) 
(c) HA, (Child, long term), Health advisory level for drinking water established by 
the USEPA (for a 10 kg child over a 7-year exposure period and for a 70 kg 
individual over a 70-year exposure period) 
(d) SNARL, Suggested No-Adverse-Response Level for drinking water established 
by the National Academy of Science (NAS) 
Both HA & SNARL values represent estimates of the maximum level of a 
contaminant in drinking water at which no adverse effects would be expected. 
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1.4 Dichlorodiphenyltrichloroethane 
Dichlorodiphenyltrichloroethane (DDT) belongs to a group of organochlorine 
pesticides. The term "DDT" refers to technical DDT, a mixture of p,p’-DDT and � 
15-20% o,p, DDT, 4% p,p，-DDE and traces of other compounds (Stringer & 
Johnston, 2001). DDT is weakly estrogenic, may be absorbed through the skin and 
oral intake relates to both direct and indirect exposure and can render animals 
susceptible to fear, hyperirritability, and also reduce fertility of tropical soil by 
long-term pollution (Stringer & Johnston, 2001). The International Agency for 
Research on Cancer (lARC) has classified DDT in Group 2B, possibly carcinogenic 
to humans (lARC，1991). DDT is the notorious environmental pollutant listed by 
United Nations Environment Programme (UNEP) as one of the twelve POPs for 
global elimination and banned in most western countries, but still is used in large 
quantities in many countries such as India (Stringer & Johnston, 2001). 
Table 1,7 The physical and chemical properties of DDT (Kaloyanova & El Batawi, 
1991; Brevik et al., 1996; http://physchem.ox.ac.uk/MSDS/DD/DDT.html; 
http://www.atsdr.cdc.gov/toxprofiles/tp35-c4.pdf). 
— DDT — 
CAS number — 0050-29-3 
Molecular formula C14H9CI5  
Molecular weight (g mol]) — 354.49 
Melting point (°C)  
Boiling point (°C) 260 
Vapor pressure at 20 °C (mm Hg) 1 . 9 x 1 ^ 
Water solubility at 25。(：（mg L'^ ) 0.025 —  
LD50 rat (oral in mg kg'f 250 
Half life (years) 5 - 7 
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1.2.1 Distribution and treatment standards of two target PAHs 
Like other pesticides, DDT enters the watercourses directly in run-off from farmland, 
and eventually ends up in the oceans, where the content biomagnifies in food chains 
and significantly affects the aquatic wildlife e.g. 96 hr LC50 of DDT to various 
species of fishes is quite highly toxic, ranging from 1 to 30 |Lig L"^  (Mason, 2002). 
Apart from affecting marine life, DDT also contaminates the human population, 
especially ethnic Chinese who eats many seafood in diet. In Hong Kong, DDT was 
found in breast milk with concentration ranging from 0.67-4.04 mg kg] fat mass 
while the maximum allowable standard in human foodstuffs is 0.74 mg kg] (Ip & 
Phillips, 1989). Also, Lam et al (2003) found that the DDT levels in eggs of two 
Ardeid species, the Little Egret (560 -2200 ng g"^  wet weight) and the 
Black-crowned Night Heron (210 -1200 ng g"^  wet weight) collected from two 
egretries located in the New Territories of Hong Kong, could adversely affect the 
survival of young of both species. Voldner & Li (1995) estimated that 21600 kt DDT 
may have been used between 1950 and 1993, while it is estimated that current 
production is 30 kt each year (WWF 1998). Due to its past wide use and persistency, 
Tanabe et al. (2003) have determined the DDT concentrations in mussel samples 
from Asian countries (Table 1.8)，of which high residue pollutant levels were found 
in mussels from China (830 -54,000 ng g] lipid wt), Hong Kong (640 -61,000 ng 
g-i lipid wt.) and Vietnam (220 -34,000 ng g"^  lipid wt). The treatment standard for 
DDT in drinking water and freshwater is shown in Table 1.9. 
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Table 1.8 Concentrations of DDT (ng g] lipid wt.) in mussel samples from Asian 
countries (Tanabe et al., 2003). 
Locations DDT Concentration (ng g"^  lipid wt.) 
Cambodia (1) 16 -48 — 
Cambodia (2) — 8 3 0 - 5 4 , 0 0 0 — 
M^gKong 640-61,000 
India —29-3000 
Indonesia 6.5 - 160 
Japan 0 - 790 
Korea 14-350 
Malaysia 16-270 
Philippines 3.3 - 38 
Russia 520 - 730 
Singapore 110 
Vietnam 1220 - 34,000 
Table 1.9 Environmental standards for DDT in potable water and aquatic organisms 
(Marchang, 1990). 
Drinking water (WHO standards in |Lig L"^ ) 
p,p-DDT 1 
Freshwater organisms (US EPA standards in [xg L"^ ) 
DDT O M 
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1.5 Indigo Carmine 
Indigo, e.g. Indigo carmine, is one of the oldest dyes (Herrmann et al., 2001). Indigo 
contributes to 3% of the total production of dyes (Herrmann et al. 2001). The blue 
dye has been applied in several aspects, including dyeing of clothes and denim 
products (Green, 1990), replacing the natural coloring agent in food (Flores et al., 
1999) and tracing the ureteral orifices and studying fistulous communications 
involving the urinary tract by surgeons (Gousse et al., 2000). The release of colored 
wastewaters is a real ecological problem and causes esthetic pollution, eutrophication 
and perturbations in aquatic life (Herrmann et al., 2001). It is estimated that 15% of 
world dye production was lost during the textile dyeing process and released into 
effluents (Zollinger, 1991). Therefore, their removal from water is very important 
and several methods are available, including physical methods such as adsorption, 
biological methods such as biodegradation, and chemical methods such as 
chlorination and ozonation (Slokar et al., 1998; Herrmann et al., 2001). Indigo has a 
very high melting point (390-392°C) and very poor solubility except in the case of 
Indigo carmine (Herrmann et al., 2001). Strong intermolecular hydrogen bonds exist 
and the basic color-producing structure is a cross-conjugated system or 
H-chromophore, consisting of a single C二C double bond substituted by two NH 
donor groups and two CO acceptor groups (Herrmann et al., 2001). Indigo carmine is 
generally considered to be biologically inert and extremely safe (Gousse et al., 2000). 
However, as it is a dye, its discharge causes visual pollution, and treatment is thus 
required. 
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1.6 Cleanup Technologies towards Organopollutants 
1.6.1 Treatment methods for organopollutants 
Undoubtedly, organic pollutants result in ecologically undesirable effects and their 
removal from soil and water is an essential priority for environmental cleanup and 
human health. Methods, including physical, chemical and biological treatments, for 
remediating contaminated systems undergo continuing change and refinement 
(Gianfreda & Bollag, 2002). Solvent extraction, microbial degradation, adsorption on 
activated carbon and chemical oxidation are some conventional methods needed to 
removal organic pollutants, e.g. phenols and their derivatives generated from 
industrial wastewaters, including from paper, textile, coal conversion, petroleum 
refining, dyes as well other sources (Kulys et al, 2003; Tanyolac & Aktas, 2003). 
Table 1.10 compares the costs of some biological and non-biological treatments of 
soil, air and water in the Netherlands in 1993 (OECD, 1994). In some cases, two or 
more technologies may be used together in treatment trains, which are either 
integrated processes or a series of treatments that are combined in sequence to 
maximize the removal effectiveness (Riser-Roberts, 1998). Reduction of treatment 
costs and development of energy efficient treatment processes are needed. Generally 
bioremediation is the technique requiring less equipment and cost than many other 
physical and chemical treatment methods, and one of the most common innovative 
technologies used in superfund remedial actions is bioremediation (OECD, 1994; 
USEPA, 2000). Bioremediation refers to the use of biological agents 
(microorganisms, plants and their enzymes) to transform and degrade 
organopollutants to simple nontoxic compounds such as CO2, NH4, H2O (Gianfreda 
& Bollag, 2002). 
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Table 1.10 Costs of biological and non-biological treatments of environmental 
pollution (soil, air, water) in the Netherlands (in Dutch guilder [Gld]) (OECD, 
1994). 
Soil remediationI Gld t on"^ [A ir iGldkm-' [Water iGld m-^  
I treatment | treatment  
In situ treatment: 
Bioremediation 170-150 iBiofiltration |0.5-5 [Biological lO.l-l 
water treatment  
Extraction 125-250 Bioscrubbing 3-6 Sedimentation 0.05-30 
Electro-reclamation 150-300 Chemical l - � 2 0 Flotation 0.1-2 
scrubbing  
Steam-stripping 250-300 Adsorption 1-10 Adsorption 1-10 
(activated 
carbon)  
Incineration 2.5-25 Chemical 0.5->5 
oxidation  





Thermal t reatment100-300 
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1.6.2 Enzyme technology on environmental cleanup 
Ultimately it is the enzymes produced by the microbes and plants to carry out the 
transformation. Therefore directly applying cell-free enzymes to degrade pollutants 
is an innovative treatment technique for removal of organopolluants from polluted 
sites (Nedwin, 1997; Gianfreda & Bollag, 2002). Comparing the use of enzymes and 
microorganisms in environmental cleanup, enzymes may have an advantage over 
microbes in view of application in soil cleanup because of greater mobility of free 
enzymes in soil than larger microbial cells. Also, when the xenobiotic concentration 
is low, microbes may utilize other soluble carbon sources rather than the xenobiotic. 
In contrast, some enzymes would act on the xenobiotic and then give degradation 
(Gianfreda & Bollag, 2002). Green technology involving use of enzymes for 
oxidation of phenolic substances in wastewater treatment and removal of aromatic 
compounds via polymerization in form of precipitation for separation is being 
considered (Kulys et al, 2003). 
There are several types of degradative enzymes for transforming and detoxifying 
organopollutants, including (Heinzkill & Messner, 1997; Mathewson, 1998; 
Gianfreda & Bollag, 2002): 
1) Hydrolase — enzymes that carry out hydrolytic reaction, e.g. proteases, 
amidases, esterases and organophosphorous acid anhydrases; 
2) Dehalogenase — enzymes that remove halogen atoms from aliphatic and 
aromatic halogen-carbon-substituted compounds; 
3) Oxidoreductive enzymes (oxygenases, phenoloxidases and peroxidases): 
enzymes that oxidize aromatic compounds, e.g. phenols, substituted 
phenols, anilines, PAHs and nonaromatic compounds, e.g. alkanes and 
substituted alkanes. 
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Among these enzymes, oxidoreductase has particularly a great potential to be applied 
in environmental cleanup because their catalysis involve cleavage of aromatic rings, 
formation of cation radicals with subsequent non-specific and nonenzymatic 
transformation (e.g. C-C or ether cleavage or oxidative coupling) and polymerization, 
with the involvement of oxidative agent such as oxygen or hydrogen peroxide. The 
non-specific attack mechanism greatly widens the substrate ranges of enzymes. 
1.6.3 Oxidoreductase 
Oxidoreductases are commonly found in bacteria, fungi and plants. When applied in 
waste treatment processes, these enzymes can act on specific recalcitrant pollutants 
by precipitation or transforming to other products and permitting a better final 
treatment of the wastes (Duran & Esposito, 2000). Table 1.11 shows the examples of 
oxidoreductive enzymes and their sources and substrates. 
Table 1.11 Examples and sources of oxidoreductase. 
Type Examples Microorganism Substrate 
Oxygenase Catechol 2,3-dioxygenase, Pseudomonas Catechol, toluene 
toluene-2-monooxygenase putida 
Phenoloxidase Tyrosinases, laccases Trametes vericolor Phenol, catechol, 
anthracene, 
benzo[a]pyrene 
Peroxidase Horseradish peroxidase, Pleurotus ostreatus Phenols, 
lignin peroxidase, anilines, 
manganese peroxidase PCBs, 
naphthalene 
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1.6.4 Enzyme preparations 
Fungi and yeasts are the main sources (> 50%) of commercial enzymes while over 
33% enzymes originate from bacteria. Other sources of enzymes include plants (8%) 
and animals (4%) (Chaplin, 2002). First, enzymes in plant cells, animal organs and 
intracellular enzymes in microbes after fermentation are released by cell disruption, 
either mechanic, e.g. ultrasonic, or non-mechanic, e.g. osmotic shock and lysozyme. 
Extracellular enzymes or enzymes released after cell breakage are then separated 
from cell mass/cell debris by 1) filtration/aqueous biphasic system to remove 
unwanted cells/cell debris; or 2) centrifugation to collect required solid material. The 
liquid form of enzymes collected or enzymes from plant latex can be further purified 
and concentrated before being used as a commercial product (Chaplin, 2002). Most 
commercial enzymes are in crude form; with 1 - 30% of actual enzyme while others 
are inactive protein, stabilizers, preservatives, buffer salts, diluents or carbohydrates 
(Mathewson, 1998; Chaplin, 2002). Cost of the enzymes is important in 
implementation of an enzyme-based treatment which is presently being investigated. 
Enzyme is still costly in isolation, purification and production (Duran & Esposito, 
2000). In order to lower the cost of removing phenolic compounds from wastewaters, 
less expensive soybean and fungal peroxidases have been investigated and some 
additives were used (Kulys et al., 2003). Very little research is carried out on the use 
of plant materials (roots, tissues, etc.) as an enzyme sources. There is still a good 
alternative due to its potentially lower cost (Duran & Esposito, 2000). It is 
well-known that ligninolytic fungi, e.g. Phanerochaete chrysosporium, can 
degrade/mineralize persistent organic pollutants such as PAH, PCP by their 
extracellular ligninolytic enzymes including lignin peroxidase, manganese 
peroxidase and/or laccase (Baud-Gasset et al., 1994). Thus there is a potential for 
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using spent mushroom compost (SMC) of ligninolytic fungi as a cheaper source of 
ligninolytic enzymes for environmental cleanup. 
1.6.5 Spent mushroom compost (SMC) 
Mushrooms are large-scale commercially produced around the world every year. 
During 1995-1999, mushroom production of Agaricus bisporus, the most popularly 
cultivated mushroom in the world, increased every year with an annual yield of about 
2.3 million tonnes in 1999 (Chiu et al., 2000). Correspondingly, SMC, byproduct of 
mushroom production, is generated in very large amounts and it is estimated that 1 
kg mushroom production generates 5 kg SMC. Therefore about 11.5 million tonnes 
SMC were produced in 1999 (Semple et al, 1998). Ligninolytic enzymes including 
lignin peroxidase (LiP), manganese peroxidase (MnP) and laccases are extracellular 
enzymes secreted from the mushroom mycelium and left in the spent mushroom 
compost. These enzymes can breakdown macromolecules, e.g. lignin, by catalyzing 
free radical formation to destabilize bonds in the molecule. Then the free radical 
attack allows the enzyme to degrade a wide range of substrates, and gives the 
enzyme non-specificity and a good oxidizing power (Ball & Jackson，1995; 
Horfrichter et al, 1999). A crude aqueous enzyme has been extracted from residual 
compost from A. bisporus and shows degradability towards different substituted 
phenolic substrates and aniline (with initial concentration of 5 mg mL" )^ after 24 
hours: 100% removal for 2,6-dimethoxyphenol; 28.9% removal for ventril alcohol, 
91.7% for o-methoxyphenol; 62.5% for phenol, 21.5% for aniline, (Trejo-Hemandez 
et al., 2001). According to Eggen (1999), post-mushroom products (SMC) was more 
effective than the pre-mushroom product (colonized fungal substrate generated 
before mushroom production) in removing organopollutants such as PAHs. 
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1.6.5.1 Laccase 
Laccase (EC 1.10.3.2) is an extracellular blue oxidoreductase produced by many 
white-rot fungi, capable of oxidizing phenols (mono-, di and polyphenols) and 
2+ 
aromatic amines by taking four electrons from the compound while the four Cu of 
its active center are reduced to Cu+. The reduced laccase returns to a rest status by 
transferring electrons to dioxygen (0。）and producing water (O^") (Schlosser & Hofer, 
1999; Yu & Wong, 1999; Duran & Esposito, 2000; Hublik & Schinner, 2000; Kulys 
et al., 2003). The catalytic center of multicopper system consists of four copper ions 
per laccase molecule, classified into three types: type 1 (blue copper) catalyzes the 
electron transfer (one-electron abstraction); type 2 activates molecular oxygen and 
type 3, a copper dimmer for oxygen uptake (binding and reduction) (Heinzkill & 
Messner, 1997; Schlosser & Hofer, 1999; Duran & Esposito，2000; Hublik & 
Schinner, 2000). Laccase can be monomeric, dimeric or tetrameric, with a molecular 
weight of 60-80 kDa, and 15-20% carbohydrate content. Laccase isoenzymes are 
different in stability and catalytic features (Heinzkill & Messner，1997). It catalyzes 
cleavage of alkyl-phenyl, ca-cp bonds and phenolic lignin dimers, demethylation, 
polymerization and depolymerization, with redox potentials up to 0.8 V (Heinzkill & 
Messner, 1997; Kawai et al., 1999). Laccase oxidizes and degrades many substrates: 
lignin and xenobiotics including phenolic dyes, phenols, chlorophenols, 
lignin-related diphenylmethanes, benzopyrenes, N-substituted />-sphenylenediamines, 
organophosphorus, and non-phenolic beta-O-lignin model dimmer (Duran & 
Esposito, 2000; Tanyolac & Aktas, 2003). It is involved in humification, 
morphogenesis, plant pathogenesis, cellular oxidation, cellular wall protection, fruit 
browning, juices and wines processing, pulps deligification, fabrics decoloration, 
decontamination of soils and water pollution (Schlosser & Hofer, 1999; Duran & 
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Esposito, 2000). 
1.6.5.2 Catalytic cycle of laccase 
The catalytic cycle of laccase is represented graphically as follows (Heinzkill & 
Messner, 1997; Breen & Singleton, 1999; Galvez et al., 2000): 
Multicopper enzymes _ . . “ J Terminal 
Phenoxy radical L A Laccase ^ J Oo electron  
^ r receptor 
Phenolic cpd J L [ ) % 
, ^ , Laccaseox Y Y H2O e.g. catechol  
First, laccase is being oxidized and then reduced back by oxidizing phenol compound 
e.g. catechol, to a phenoxyl radical intermediate. The free radical generated in this 
cycle would further undergo bond cleavage of the macromolecule. 
Multicopper enzymes 
Terminal 
Non-phenolic k J Mediator�x i ^ Laccase ^ J O2 electron 
cpd ^ r I r receptor 
l i f l Mediator J L M l "1 
Non-phenolic T 7 W \ Laccaseox T T HoO 
^ ， ^ e.g. ABTS I , 2 
cpdox 
For the non-phenolic compound, laccase cannot oxidize on their own and so a 
mediator is required. First, laccase is being oxidized and then reduced back by 
oxidizing a mediator e.g. ABTS. The oxidized mediator will then oxidize the 
non-phenolic compound to generate a free radical. The oxidized substrate is an active 
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cation radical and automatically decomposed into simple products. If the cation 
radicals have long enough life-time, they may take electrons from other electron-rich 
compounds e.g. synthetic dyes, and return to their normal state (Yu & Wong, 1999). 
In most cases, the oxidation of the substrates by laccase leads to polymerization of 
the products through oxidative coupling. Products of oxidative couplings reactions 
results from C-0 and C-C coupling of phenolic reactants and from N-N and C-N 
coupling of aromatic amines. This generally leads to detoxification of phenolic 
contaminants (Hublik & Schinner，2000). Production of Fenton reagent (H2O2 and 
ferrous ion Fe^ "^ ), leading to •OH radical formation was found in reaction mixtures 
containing laccase, lignin-derived hydroquinones, and chelated ferric ion (Guillen et 
al., 2000; Falcon et al., 2002). Semiquinone produced by laccase reduces ferric (Fe^^) 
to ferrous ion (Fe^ "^ ) and oxygen to superoxide anion radical (O2,). In the absence of 
any compound reacting with superoxide anion radical, dismutation of superoxide 
anion radical provides H2O2 for hydroxyl radical generation. In brief the equation 
summarizes the reaction as (Guillen, 2000; Falcon, 2002): 
02, + H2O2 •OH + OH" + O2 
This is superoxide-driven Fenton reaction. Also, another Fenton reaction is: 
Fe2+ + H2O2 Fe3+ + .OH + OH" 
Among the radicals, hydroxyl radical is the strongest oxidant and a low molecular 
agent for initial attack of lignocellulose regardless of the fact that ligninolytic 
enzymes cannot penetrate plant cell walls (Guillen et al., 2000). H2O2 is the limiting 
reagent in Fenton reaction, and so the addition of aryl alcohol oxidase (AAO) and 
4-methoxybenzyl alcohol (the natural HiOi-producing system) greatly increases •OH 
generation, demonstrating synergistic action of both laccase and AAO in the process 
in P. eryngii (Guillen et al., 2000). Fungi Trametes veriscolor and Petriellidium 
fusoideum can secret a protein-free low-molecular weight substance with Mr 
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1000-5000 and about 1.6 kDa containing 0.1% Fe^^, respectively. This substance 
catalyzes a redox reaction between molecular oxygen and an electron donor, to 
produce the hydroxyl radical via hydrogen peroxide (Tanaka et al., 1999; Falcon et 
al, 2002). Hydroxyl radical could strongly attack the aromatic rings in lignin, 
causing a variety of reactions including hydroxylation and ring-opening (Tanaka et 
al, 1999; Falcon et aL, 2002). 
1.6.5.3 Lignin peroxidase (LiP) 
Like other peroxidases, lignin peroxidases (EC 1.11.1.14) are heme proteins, with 
^ I 
ferric protoporphyrin IX as prosthetic group and Ca is often present, catalyzing 
reactions in the presence of hydrogen peroxide (Duran & Esposito, 2000). There is a 
hydrophobic region near the heme as aromatic binding site in a LiP whose 
monomeric isoenzymes have a molecular weight of 38-43 kDa. It can catalyze 
cleavage of alkyl-phenyl, ca-cp bonds, ca oxidation, aromatic ring cleavage, 
demethoxylation, demethylation, hydroxylation and polymerization, with redox 
potentials up to 1.5 V. PCBs, naphthalene and anthracene can be removed effectively 
by coprecipitation with phenols and anilines when used as the substrate (Male et al, 
1995; Field et al., 1996). 
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1.6.5.4 Catalytic cycle of LiP 
The catalytic cycle of lignin peroxidase is represented graphically as follows (Have 
et al., 1997; Heinzkill & Messner, 1997; Galvez et al., 2000): 
H A ^ 
, f J ^ \ H2O2 Oxidant 
H ]/ 
Iron-containing glycoprotein^^  C Fe4+^Q � ^ J ^ [I Fe4+=0 [P+-]  
Lap II 腿 LiPI 
1-electron oxidized 2-electron oxidized 
intermediate intermediate 
RH: Aromatic / alkyl cpds 
e.g. veratryl alcohol 
LiP is an iron-containing glycoprotein that carries out catalytic cycles by first being 
oxidized by hydrogen peroxide to a two-electron oxidized intermediate LiP 1. This 
intermediate then catalyzes one-electron oxidation of aromatic or alkyl compounds, 
e.g. veratryl alcohol, to generate an aryl cation radical and itself is reduced to a 
one-electron oxidized intermediate LiPIL Again, this intermediate catalyzes 
one-electron oxidation of another compound, generating free radical and itself is 
reduced back to normal state of LiP. The free radical generated in this cycle would 
further undergo bond cleavage of the macromolecule and finally breakdown the 
compound. 
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1.6.5.5 Manganese peroxidase (MnP) 
Manganese peroxidase (EC 1.11.1.13) shows 57% sequence identity with LiP. In 
contrast to LiP, MnP contains one extra loop near the active site and a unique cation 
site for Mnll binding. MnP isoenzymes have a molecular weight of 43-49 kDa. MnP 
oxidizes aromatic substrate indirectly by diffusible manganous ions, with a redox 
potentials up to 1.1 V. It can catalyze the oxidation of several monoaromatic phenols 
and aromatic dyes, depending on both divalent manganese and certain types of 
buffers (Duran & Esposito, 2000). There is an anion-binding site near the heme 
usually occupied by a dissociable carboxylate ion, which can be occupied by halide 
at low pH. Mn and halides bind at different sites; MnP binds at Mn binding site while 
halides may bind close to the (triangle)-meso edge of the heme (Gold & Sheng, 
1997). An immobilized MnP bioreactor can be applied in wastewater treatment for 
catalytic generation of chelate Mn-III and subsequent oxidation of chlorophenol 
(Duran & Esposito, 2000). However, the enzyme requirement for high concentration 
of Mn(III) makes its feasibility for wastewater treatment application doubtful. In the 
free form, MnP acts on phenols and dyes (Duran & Esposito, 2000). 
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1.6.5.6 Catalytic cycle of MnP 
The catalytic cycle of manganese peroxidase is represented graphically as follows 
(Hofrichter et al, 1998): 
^ Iron-containing glycoprotein 
Mn3+ J  
¥ � 、丨Itipii、丨 ^ ^ H2O2 Oxidant 
r ^ . , X M n P S丨丨丨ifc  
H i ! O • Fe4+=0[P+.] 
MnP II I —3+J I —2+ I MnP I 
1 -electron oxidized 2-electron oxidized 
intermediate intermediate 
RH: Aromatic / alkyl cpds 腿 
e.g. glutathione 
Similar to lignin peroxidase, MnP is also an iron-containing glycoprotein that carries 
out catalytic cycles by first being oxidized by hydrogen peroxide to a two-electron 
oxidized intermediate MnP 1. In contrast to LiPI, the substrate of this intermediate is 
2 I 2 I 
not aromatic/alkyl compound, but is Mn . Mn is one-electron oxidized by MnPI to 
Mn3+ which then oxidizes aromatic substrates, e.g. glutathione to generate free 
radicals. As a result, MnPI is reduced to a one-electron oxidized intermediate MnP 11. 
Again, this intermediate is reduced back to normal state of MnP, with the generation 
of Mn3+ and then a free radical. Normally, most electron donors (substrate to be 
oxidized by MnP) are oxidized by compound I via a single-electron mechanism with 
the intermediate formation of compound 11. However, halides are oxidized through 
two-electron mechanism, yielding the native enzyme directly (Gold & Sheng, 1997). 
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At low pH, the carboxyl group is protonated, releasing the site from halide binding, 
and so the binding of halide ions to MnP increases with decreasing pH (Gold & 
Sheng, 1997). A major factor determining the rate of trihalide complex formation is 
the differences in redox couples of compound I/ferric enzyme and HOX/X' e.g. 
HOBr/Br" while the redox potential of the redox couple MnPI/ferric MnP should be 
between 1.24 and 1.36 V (Gold & Sheng, 1997). 
1.6.6 Limitations on enzyme technology 
One of the concerns for using ligninolytic enzymes in environmental cleanup is 
inactivation of enzymes during reaction. Inactivation can occur due to the following 
reasons (Gianfreda & Bollag, 2002): 
1) Presence of enzyme inhibitors, e.g. laccase was found inactivated by 
Cu-chelating agent. The order of inhibition is: thioglycolic acid > sodium azide > 
EDTA (Chen et al； 1998). Laccase can also be inhibited by triazine and 
prometryn. This may limit the use of laccase in phenol-contaminated sites with 
triazine compounds (Filazzola et al., 1999; Gianfreda & Bollag, 2002). 
2) Presence of high organic matter content inhibits enzymatic transformation due to 
strong adsorption (Masaphy et al., 1996; Gianfreda & Bollag, 2002). 
3) Binding of a free radical to or near the enzyme active site can lead to loss in 
catalytic ability (Klibanov, 1982). 
4) Reaction between peroxidase intermediate and excess H2O2 to give a catalytic 
inactive intermediate (Arnao et al., 1990). 
5) Adsorption of enzyme onto or entrapment within polymeric aggregates as they 
form a hinder contact between enzyme and substrate leading loss in catalytic 
ability (Gianfreda et al,, 1998). 
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1.6.7 Enhancement of laccase activity and/or catalytic lifetime 
The catalytic lifetime of laccase can be extended through optimization of process 
variables which significantly affect enzyme activity and stability. 
1) Type of buffers (rather than ionic strength): higher activity in the order: 
phosphate-buffer > sodium acetate buffer > citrate buffer (Hublik & Schinner， 
2000). 
2) Mediators: addition of cosubstrate or proper redox mediators can extend the 
substrate range of laccase and transform relatively recalcitrant compounds since a 
chemical mediator oxidized by laccase undergoes oxidative coupling with the 
laccase substrate (Potthast et al., 1996; Majcherczyk et al., 1998; Sealey & 
Ragauskas, 1998). 
• Artificial mediator: 2,2'-azobis(3-ethylbenzthiazoline-6-sulfonic acid) 
(ABTS), and 1 -hydroxybenzotrizole (1-HBT) allow laccase capable of 
decolorizing non laccase-substrates, e.g. azo dye, due to formation of azo 
dye radicals. Application of a mediator was good in pulp bleaching and 
showed a significant stimulatory effect on PAH oxidation by laccase, with 
almost complete removal of all 14 different PAHs (Collin et al., 1996; 
Majcherczyk et al” 1998; Kawai et al., 1999; Yu & Wong, 1999; Bermek et 
al., 2002). 
• Laccase natural mediators, e.g. 3-hydroxyanthranilic acid (3-HAA) (Kawai 
etal, 1999). 
• Laccase substrate e.g. anthraquinone dye, can also promote the 
decomposition of nonlaccase substrate dyes (Kawai et al., 1999; Yu & 
Wong, 1999). 
3) Addition of Mn^^ : Laccase may directly utilize Mn^^ as a substrate and convert 
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Mn2+ to Mn3+ in the presence of Na-pyrophosphate (complexing agent for Mn^ "^ ), 
at optimal pH 5.0 (Schlosser & Hofer, 1999). Mn^ "^  (trivalent manganese) is a 
powerful oxidant, normally produced from Mn^ "^  (divalent manganese) by 
manganese peroxidase (MnP). One-electron redox potential of type 1 copper (vs 
H electrode) is 785 mV, while redox potential of Mn^ '^ /Mn^ "^  couple is 1510 mV. 
Oxidation of certain monoaromatic compounds was even possible at redox 
potential differences of —700 mV (Schlosser & Hofer, 1999). Also, in the 
presence of other redox-mediating compounds e.g. phenoxy radicals, 
semiquinones and stable cation radical of ABTS formed through laccase 
I O I 
oxidation can be reduced by Mn , leading to formation of Mn (Schlosser & 
Hofer, 1999). The presence of sufficient chelators may be essential for oxidation 
of Mn2+ to M n � . as Mn^^ complexes are very unstable in the absence of 
pyrophosphate (Schlosser & Hofer, 1999). 
4) Removal of inhibitors: F", CN" and N3" are laccase inhibitors as they have high 
affinities to type 2 and type 3 copper. F" strongly influences the redox potential of 
type 2 and type 3 copper (not type 1), by inhibition of intramolecular electron 
transfer from type 1 copper to trinuclear cluster formed from type 2 and type 3 
copper, in turn affect reduction of oxygen to water (Schlosser & Hofer, 1999). 
Also, thioglycolate (a specific copper chelator) and sodium azide inhibit oxidase 
of Panus trigrinus. Other inhibitors include EDTA (a non-specific chelator of 
two-valent metals), hydroxylamine, p-mercaptoethanol, and carbon monoxide 
(Falcon et al., 2002). Addition of •OH radical scavengers directly inhibited the 
mineralization of synthetic lignins; sodium benzoate (1 mM), catechol (10 |iM) 
and thiourea (1 mM) as scavengers for hydroxyl radicals produced a 91%, 71% 
and 61% decreases in mineralization rate (Falcon et al., 2002). 
5) Reduction of inactivation: Inactivation of oxidoreductases is a common 
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phenomenon during the oxidation of phenolic substances. Enzyme activity 
decreases during phenol oxidation was associated with enzyme inactivation by 
irreversible reactions (covalent bindings) between the enzyme and reaction 
products (radical intermediates) (Kulys et al, 2003). Laccase has been 
inactivated during naphthols oxidation. The addition of polymers such as 
polyvinyl alcohol, ficoll, a copolymer of acrylamide, N-vinylpyrrolidone and thyl 
acrylate, hydroxyethyl cellulose, dextrans 500, 110 and 20，polyvinylpyrrolidone, 
polyethylene glycol and albumins, immediately bound hydrophobic naptholic 
radicals preventing inactivation of laccases. They increase oxygen consumption 
without changing an initial rate (Kulys et al., 2003). Albumins and some 
polymers dramatically decreased the inactivation rate of laccases since the 
polymers are uncharged and retain their globular structure during dissolution 
(Kulys et al’ 2003). For the reduction of laccase inactivation during oxidation in 
the presence of a mediator e.g. syringic acid methyl ester (MS), the addition of 
human serum albumin (HSA) can form complexes and react with free radicals, so 
that the attack of enzyme by free radicals can be avoided (Kulys et al., 2003). 
1.6.8 Enhancement of MnP activity and/or catalytic lifetime 
o I 
1) Stabilization of the oxidizing agent: MnP-generated Mn can be stabilized by 
organic acid chelators such as oxalate (secreted by fungus), as well as some 
unsaturated fatty acids such as linoleic acid. The Mn^^-organic acid complex 
oxidized the terminal substrates e.g. lignin structures and aromatic pollutants 
(Gold & Sheng, 1997; Bermek et al., 2002). 
2) Reduction of inactivation: halide e.g. bromide, chloride can cause heme 
bleaching of MnP in the absence of organic substrates (at pH 3 and with H2O2). 
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Also it was found that addition of Mn^^ and Ca^^ could reduce thermal 
inactivation of MnP (Timofeevski & Aust, 1997). Also, in order to reduce 
enzyme inactivation due to entrapment, highly hydrophilic additives e.g. 
polyethylene glycol are used as "protective coat" to preferentially bind to 
hydroxyl groups on growing polymers and allow enzyme stay free in solution 
and catalyze further reaction (Wu, 1998). 
3) Mediator: Normally MnP should only be capable of oxidizing phenolic lignin 
subunits only, but in the presence of glutathione (GSH), MnP could also oxidize 
non-phenolic lignin model compounds, veratryl, anisyl, and benzyl alcohols 
o I 
because Mn formed can oxidize thio to a thiyl radical which in turn abstracts a 
hydrogen from veratryl alcohol to form veratraldehyde (Bermek et al., 2002). 
Also, 3-hydroxy-l,2,3-benzotriazin-4(3H)-one, an laccase mediator, also can 
enhance MnP bleaching effect (Bermek et al., 2002). 
4) Organic solvents: Aqueous organic solutions (e.g. acetone) play an important role 
in enzymatic polymerization of polyaromatics because the reactants monomer 
and the product polymer are usually poorly soluble in aqueous solvents such as 
water. The maximum initial rate of oxygen consumption was observed at 10% 
(v/v) acetone after which a decline occurred (Tanyolac & Aktas, 2003). However, 
aqueous medium with no organic solvent should be the best medium for waste 
treatment due to low cost and environmental concern. Also, at higher acetone 
concentrations the lower water concentration may adversely affect enzyme 
activity. 
33 
1.6.9 Other general approaches to maintain enzyme activity 
There are some ways to maintain enzyme activity (Hanson, 1995; Mathewson, 1998; 
Chaplin, 2002): 
1) Use of additives 
• Neutral salts: compete with proteins for water and bind to charged groups or 
dipoles. This strengthens interactions between the hydrophobic areas of an 
enzyme to compress the enzyme molecules and make them more resistant to 
thermal unfolding reactions. Examples are: 
Good stabilizer: ammonium sulphate and potassium hydrogen phosphate 
Enzyme destabilizer: sodium thiosulphate and calcium chloride via chaotropic 
effect of disrupting localized structure of water. 
• Low molecular weight polyols (e.g. glycerol, sorbitol and mannitol): reduce 
water activity to repress microbial growth and form protective shells to prevent 
unfolding processes. 
參 Some hydrophilic polymers (e.g. polyvinyl alcohol, polyvinylpyrrolidone and 
hydroxypropylcelluloses): give compartmentalisation i.e. the enzyme-enzyme 
and enzyme-water interactions are somewhat replaced by less potentially 
denaturing enzyme-polymer interactions. Anions: SCN-, I-, CIO4-, Br, CI., SO42-, 
HPO42-, citrate^- increases stabilization. However, cations such as AP+, Ca2+, 
Mg2+, Li+, Na+, K+, NH4+, (CH3)4N+ increase the chaotropic effect. 
• Other materials: 
- inert material, e.g. starch, lactose, carboxymethylcellulose and other 
poly-electrolytes to protect enzyme during spray-drying. 
- thiols to create a reducing environment. 
- antibiotics benzoic acid esters as preservatives for liquid enzyme, 
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inhibi tors of contaminat ing enzyme activities and chelat ing agents. 
2) Controlled use of covalent modification and enzyme immobilization. 
3) Enzymes are more stable in dry state than in solution. 
1.7 Aims of my Study 
9 
This study seeks to determine the potential of spent mushroom compost (SMC) as a 
source of ligninolytic enzymes which cleave a broad spectrum of organopollutants. 
Thus this study targets: 
1) To compare different types of SMCs as a source of ligninolytic enzymes and find 
out the best choice. 
2) To maximize the extraction of ligninolytic enzymes and find out their optimal 
conditions to function. 
3) To test the degradation ability of crude enzyme preparations towards several 
organic pollutants including PAHs, PCP, DDT and Indigo carmine. 
At last, this study aims to assess the feasibility of using SMC as a source of 
ligninolytic enzymes for environmental cleanup. 
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2. Materials and Methods 
2.1 Materials 
In this study, oyster mushroom Pleurotus pulmonarius (Pl-27) was cultivated on 
straw compost and harvested. The spent mushroom compost (SMC) left was 
collected, freeze-dried, and stored in a desiccator containing silica gel at room 
temperature for crude enzyme extraction. The production of fresh SMC was 
illustrated in section 2.1.1 below. 
The target organopollutants in this study are 1) polycylic aromatic hydrocarbons 
(PAHs): naphthalene (Aldrich 18,450.0) and phenanthrene (Sigma P-2528); 2) 
halogenated aromatic compound: pentachlorophenol (PCP) (Sigma P-1045) and 
4,4,-DDT (Supelco 4-0124); and 3) synthetic dye: Indigo carmine (Sigma 1-8130). 
Different concentrations of the PAH, PCP and DDT solutions were prepared by 
dissolving chemicals in HPLC grade acetone or methanol respectively, and stored in 
tightly capped brown bottles at - 2 0 � C . 
2.1.1 Production of spent mushroom compost (SMC) 
The straw compost of oyster mushroom Pleurotus pulmonarius was prepared by 
mixing 89 % paddy straw, 10 % wheat bran, 1 % lime, and then wet by 60 % water 
(Ching, 1997; Chiu et al., 1998). The mixed straw substrate was allowed to ferment 
for one week and then the fermented straw was sterilized by autoclaving at 121°C for 
2 hours. The Pl-27 culture of Pleurotus pulmonarius provided by Dr. S.W. Chiu was 
inoculated into the compost for mushroom production. Finally the fruiting bodies of 
the Pleurotus pulmonarius were harvested and the solid SMC left was collected and 
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f reeze-dr ied. 
Straw 89%, lime 1%, wheat bran 10% 
I 





f^ inoculate with mycelia of Pleurotus 
pulmonarius (Pl-27) 
Harvest the mushroom 
• 
Collect straw SMC of oyster mushroom 
T 
Freeze dry and grind into powdered form 
T 
Keep in dessicator at room temperature 
Figure 2.1 A flowchart showing the production and preparation of SMC of Pleurotus 
pulmonarius used in this study. 
2.2 Effect of Age and Batches of SMCs on Enzyme Qualities 
The protein content, activities of laccase, manganese peroxidase, P-glucanase, 
carboxymethylcellulase and xylanase in five different freeze-dried samples of SMCs 
(in terms of age or type) were compared. They are: 1) fresh straw SMC from 
Pleurotus pulmonarius; 2) 2-year old straw SMC from Pleurotus pulmonarius, 3) 
5-year old straw SMC from Pleurotus pulmonarius, 4) fresh sawdust SMC from 
Ganoderma lucidum, 5) fresh sawdust SMC from Ganoderma tsugae. The latter four 
SMCs were provided by Dr. S. W. Chiu. The water-soluble proteins or enzymes 
immobilized in SMCs were extracted with the following procedure: 0.1 g SMC was 
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mixed with 8 mL distilled water for 3 hours at 4°C. Then the mixture was clarified by 
centrifugation at 8300 x g and the supematants were collected as crude enzyme 
preparations for further analysis. The protein content and enzyme activities were 
determined as described in sections 2.4.1-2.4.9. The best choice of SMC as the 
source of ligninolytic enzymes was finally concluded. 
2.3 Maximization of Enzymes Extracted from SMC 
Crude enzymes immobilized in fresh straw SMC of Pleurotus pulmonarius SMC 
were extracted, and different parameters affecting the recovery of ligninolytic 
enzymes, i.e. laccase and MnP were investigated as follows. Three replicates for each 
treatment were examined unless specified. 
2.3.1 Effect of extraction solution type 
0.1 g SMC were mixed with 8 mL extraction solution. Four different types of 
extraction solutions were used: distilled water (pH 6), pH 4 buffer (sodium acetate 
buffer, 160 mM)，pH 5 buffer (sodium acetate buffer, 160 mM) and pH 6 buffer 
(sodium acetate buffer, 160 mM). The mixture was rotated at 120 rpm at for 3 
hours. Then, the reaction mixtures were clarified by centrifugation at 8300 x g and 
the supematants were collected as crude enzyme preparations. The protein content 
and enzyme activities of crude enzyme extracts were estimated as described in 
sections 2.4.1 — section 2.4.3. 
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2.3.2 Effect of extraction volume 
0.1 g SMC was weighed and different volumes of extraction solution were added. 
Five different volumes of extraction solution were used: 4, 6, 8, 10 and 12 mL. The 
subsequent procedure follows that of section 2.3.1. 
2.3.3 Effect of extraction time 
0.1 g SMC was extracted with 6 mL 160 mM sodium acetate buffer (pH 5) for 
different times. Five different extraction durations were tested: 1，3，6, 12 and 24 
hours. The subsequent procedure follows that of section 2.3.1. 
2.3.4 Effect of rotation speed 
0.1 g SMC was weighted and extracted with 6 mL 160 mM sodium acetate buffer 
(pH 5) with different rotation speeds. Three different rotation speeds were tested: 0 
rpm，60 rpm and 120 rpm. The subsequent procedure follows that of section 2.3.1. 
2.4 Enzyme and Protein Quality 
2.4.1 Protein assay 
The protein content of crude enzyme preparation was measured with a Micro-Lowry 
Protein assay kit (Sigma P-5656). 75 [iL protein standard/sample was mixed 
thoroughly with 750 )iL Lowry Reagent solution. The solution was allowed to stand 
at room temperature for 20 minutes. Then 375 \iL Folin Reagent Working Solution 
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was added and mixed, and allowed to develop color for 30 minutes. The absorbance 
of standards (0.2, 0.4, 0.6, 0.8 mg mL"^  bovine serum albumin standard solution) and 
samples against blank was measured at wavelength 750 nm. The protein 
concentration of the sample was deduced from the protein standard curve. 
2.4.2 Laccase assay 
The laccase activity of crude enzyme preparation was measured by ABTS assay 
modified from Lang et al. (1997) and Galvez et al. (2000). The reaction mixture 
contained 1 mM 2,2'-azinobis-3-ethylbenthiazoline-6-sulfonate (ABTS), 100 mM 
succinic-lactic acid buffer (pH 4.5) and 100 |iL sample, in a total volume of 1 mL. 
The reaction (formation of cation radical) rate was monitored at 420 nm (Emax = 
36,000 M-i crrfi) at 25^C for a total of 5 min. A spectrophotometer fitted with time 
scan function was used. Time zero was registered at the moment of addition of 
sample and the first absorbance measurement was recorded after exactly 15 s. The 
increase in absorbance was then followed for 5 min. to determine the slope of the 
rate of color change indicating the rate of catalytic reaction. 
2.4.3 Manganese peroxidase assay 
Manganese peroxidase of crude enzyme preparation was measured by 
MBTH/DMAB assay modified from Castillo et al (1994) and Lang et al (1997). 
The reaction mixture contained 0.07 mM 3-methyl-2-benzothiazolinone hydrazone 
(MBTH), 0.99 mM 3-(dimethylamino)-benzoic acid (DMAB), 0.3 mM MnS04, 0.05 
mM H2O2, 100 mM succinic-lactic acid buffer (pH 4.5) and 100 |liL sample, in a 
total volume of 1 mL. The reaction (purple indamine dye product formation) was 
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initiated by addition of H2O2, measured at 3TC at a wavelength of 590 nm (Emax 二 
53,000 M"^  cm-i). A spectrophotometer fitted with time scan function was used. 
Time zero was registered at the moment of addition of H2O2 (initiation of the 
reaction) and the first absorbance measurement was recorded after exactly 15 s. The 
increase in absorbance was then followed for 5 min. 
2.4.4 Lignin peroxidase assay 
Lignin peroxidase of crude enzyme preparation was measured by the veratryl alcohol 
assay modified from Have et al (1997) and Hofrichter et al. (1999). The reaction 
mixture contained 0.02 mM veratryl alcohol, 0.15 mM H2O2, 100 mM sodium 
acetate buffer (pH 3.0) and 100 jiiL sample, in a total volume of 1 mL. The reaction 
(veratryl alcohol oxidation) was initiated by addition of H2O2, measured at 30^C at a 
wavelength of 310 nm (Emax 二 9300 M'^  cm" )^. A spectrophotometer fitted with time 
scan function was used. Time zero was registered at the moment of addition of H2O2 
(initiation of the reaction) and the first absorbance measurement was recorded after 
exactly 15 s. The increase in absorbance was then followed for 5 min. 
2.4.5 P-glucanase assay 
p-glucanase activity of crude enzyme preparation was measured by the method of 
Miller (1959). 100 |iL sample was pipetted into a 2 mL eppendorf tube. The sample 
was preincubated for 5 min at 40^C. 0.3 mL substrate (1.5 % p-glucan) was added 
and the sample was mixed. The incubation time is exactly 20 min at 40°C. After 20 
min 0.15 mL dinitro salicylic acid (DNSA) reagent was added and the sample was 
mixed. The sample was boiled for exactly 10 min to inactivate the enzyme. Then the 
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solution was transferred to an ice bath for 5 min. The sample was centrifuged for -20 
s at 16,000 X g. 0.5 m L supernatant was diluted with 1.5 m L distilled water and the 
sample was measured at 530 nm. Blank (acetate buffer with Tween 20) was not 
incubated at 40''C and the D N S A was added prior to the substrate solution. For the 
preparation of glucose standard curve, the same procedure was followed with the 
following modifications: the substrate (1.5% P-glucan) was replaced with glucose 
standards (0.15-2.5 jumol mL]) and the mixtures were not incubated at 40。C. For the 
control (color correction) the same procedure was followed, except that the samples 
were heat-inactivated (100°C) for 30 min before test. 
2.4.6 Carboxymethylcellulase assay 
The procedure for determining carboxymethylcellulase (CMCase) activity of crude 
enzyme preparation was the same as that for P-glucanase (Miller, 1959), except that 
the substrate (1.5 % P-glucan) was replaced by 4 % carboxymethylcellulose, and the 
glucose standards prepared ranged from 0.3-2.5 jimol mL"\ 
2.4.7 Xylanase assay 
The procedure for determining xylanase activity of crude enzyme extract was the 
same as that for P-glucanase (Miller, 1959), except that the substrate (1.5 % p-glucan) 
was replaced by 1.5 % xylan, and the glucose standards were replaced with xylose 
standards in the range of 0.15-2.5 |Limol mL"^ 
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2.4.8 Lipase assay 
The lipase activity of crude enzyme preparation was measured by a lipase assay kit 
(Sigma 805-A). 900 |iL substrate solution (1,2-diglyceride) was mixed with 15 |LIL 
deionized water, standard or samples by gentle inversion. The reaction mixture was 
incubated at 37°C for 5 min. Then 0.3 m L activation reagent was added and 
incubated for 3 minutes at 37。C, subsequently the initial absorbance of all mixtures 
at 550 nm against the blank was measured. The sample was incubated for exactly 2 
more minutes and final absorbance was recorded. For the control (color correction) 
the same procedure was followed, except that the samples were heat-inactivated 
(lOO'C) for 30 min before test. 
2.4.9 Protease assay 
Protease activity of crude enzyme preparation was assayed by the method of Sarath 
et al (1989). 150 |jL enzyme solution or buffer blank was incubated with 250 jiiL 2 
% azoprotein (Sigma A2765) at 3TC for 30 min. After incubation, 1.2 m L 10% 
trichloroacetic acid was added, mixed thoroughly and stood for 15 min to terminate 
the assay. Then the reaction mixture was centrifuged at 8000 x g for 5 min and 1.2 
m L supernatant was collected. Finally 1.4 m L 1 M NaOH was added to supernatant 
and measured at wavelength 440 nm (1 U = increase of 0.001 unit per minute). 
Assays at three different pH values (pH 5, 7, 9) were tested. For the control (color 
correction) the same procedure was followed, except that the samples were 
heat-inactivated (100°C) for 30 min before test. 
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2.5 Freeze-drying on Crude Enzyme Preparation 
Freeze-drying was done on crude enzyme preparation to achieve the purposes of 
convenient storage and application. 
2.5.1 Effect of freeze-drying 
Crude enzyme preparations were frozen at -70。C for 1 day and then freeze-drying 
into powder form under vacuum and pressure for 2 weeks. The protein content, 
laccase and manganese peroxidase activities before and after freeze-drying were 
assayed with methods described above (section 2.4.1- section 2.4.3). 
2.6. Partial Purification on Crude Enzyme Preparation 
The protein sizes of ligninolytic enzymes in crude enzyme preparation were 
determined by PAGE analysis. Dialysis was then done on crude enzyme preparation 
to remove impurity protein if any for partial purification. The effect of dialysis on the 
activities of laccase and MnP was then assayed. 
2.6.1 PAGE analyses on Pleurotus SMCs laccase and MnP 
First, a ready gel (BIO-RAD 161-1156) was mounted on a gel tank, with wells filled 
by SDS-PAGE gel 25 m M Tris/192 m M Glycine buffer (BIO-RAD 161-0734). 20 
|liL crude enzyme preparations were mixed with 10 |liL SDS-PAGE gel Laemmli 
sample buffer (BIO-RAD 161-0737) by pipetting up and down. The sample mixture 
and SDS-PAGE standards (BIO-RAD 161-0305) were loaded into the gel wells, and 
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then electrophoresis with constant 120V for 40 minutes. After electrophoresis, 
proteins of different sizes in crude enzyme preparations and standard were separated 
completely and the gel was submerged into methanol acetate (methanol (40% v/v), 
acetic acid (10% v/v)) for 10 minutes. Activity staining for laccase and MnP was 
done as follows: for laccase, the gel was submerged with laccase substrate solution 
(2.5 m M ABTS in 100 m M succinic-lactic buffer at pH 4.5), incubated at 25。C until 
bands of green color appeared at room temperature. For manganese peroxidase, the 
gel was submerged with MnP substrate solution (a mixture of 0.2 m M MBTH, 2.9 
m M D M A B , 0.6 m M MnS04, 0.1 m M H2O2 and 100 m M succinic-lactate acid 
buffer at pH 4.5), incubated at 37^C until bands of purple color appeared. This 
usually took 15 to 30 min to develop color. The sizes of colored bands (of laccase 
and MnP respectively) were determined by comparing to those in PAGE standards 
(D'Souza et aL, 1999). 
2.6.2 Effect of dialysis 
Two m L crude enzyme preparation was stored inside a dialysis membrane 
(Spectra/Por® 74400-004) with a pore size of 12 kDa, and dialysis was carried out 
with distilled water and sodium acetate buffer (160 m M , pH 5) respectively at 4°C 
for 1 day. The changes in protein content, laccase and manganese peroxidase of 
crude enzyme preparation before and after dialysis were assayed with the methods 
described above (section 2.4.1 — section 2.4.3). 
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2.7 Characterization of Crude Enzyme Powder 
The cation and anion composition in freeze-dried crude enzyme powder may affect 
activities of certain enzyme, and their contents were determined as follows. Three 
replicates for each treatment were examined for the following analysis unless 
specified. 
2.7.1 Metal analysis 
The quantitative metal analysis of crude enzyme powder was conducted as modified 
from Kalra (1998). All glasswares were acid-treated by soaking them in an acid bath 
of 10% HCl overnight. They were then washed with ultra-pure water and oven-dried 
before use. Acid-digestion was performed in a chemical hood. 0.1000 土 0.0002 g of 
the powdered crude enzyme was put in a digestion tube. 20 m L of 69 % concentrated 
nitric acid was added into the digestion tube which was placed in a heating digestion 
block (VELP D K 42/26) at 120。C. The crude enzyme powder was digested for 4 
hour at 120°C. Afterwards, the digestion tube was let cool to room temperature and 
20 m L of 10% hydrochloric acid was added. The digested samples were filtered by 
Whatman no. 20 filter paper and transferred to a 50 m L volumetric flask, followed by 
dilution with ultra-pure water to a final volume of 50 mL. The samples were 
analyzed by Inductively-Coupled Plasma (ICP) Spectroscopy and their actual metal 
concentrations were calculated automatically from the standard curve by the machine. 
12 metals were determined in this study, namely: B, Ba, Be, Cu, Fe, Sr，Zn, K, Na, 
Ca, M g and Mn. 
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2.7.2 Anion contents 
The soluble anions fluoride, chloride, nitrite, nitrate, bromide, phosphate and 
sulphate in crude enzyme solution were determined by ion chromatography (Dionex 
500 ion chromatography system). 0.04 g crude enzyme powder was soaked with 10 
m L of ultra-pure water and filtered by 0.45 |Lim millipore filter membrane and then 
loaded into the lonPac anion exchange column by the autosampler (Dionex AS40 
automated sampler). A mixed solution of 1.8 m M sodium carbonate and 1.7 m M 
sodium bicarbonate was used as the eluent solution. The eluted anions were detected 
by a conductivity detector (Dionex CD20). At the same time, a mixture of the 
standard anion solutions (Dionex) prepared from the commercially available stock 
(Dionex, California) was run in parallel. 
2.7.3 H2O2 content 
The H2O2 content of crude enzyme preparation was measured by a H2O2 assay kit 
(Merck 1.14731.0001). One m L crude enzyme preparation (20 mg crude enzyme 
powder dissolved in 1 m L ultra-pure water) or H2O2 standards (0.4 - 3 mg L'^  H2O2) 
was mixed thoroughly with 100 jiL reagent solution (sulfuric acid and titanic acid 
ester). The mixture was allowed to stand at room temperature for 3 min. The 
absorbance of standards and samples against blank was measured at wavelength 405 
run. The H2O2 concentration of the sample was deduced from the H2O2 standard 
curve. 
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2.8 Stability of Crude Enzyme at Storage 
The stabilities of crude enzyme preparation in powder form and liquid form at 
different storage conditions were compared, in terms of protein content, activities of 
laccase, manganese peroxidase, P-glucanase, carboxymethylcellulase and/or 
xylanase. Four different kinds of storage temperatures: room temperature (fluctuating 
between 20-25°C), -20°C and -70°C were tested. The protein content and 
enzyme activities were determined as described above (section 2.4.1 - section 2.4.3, 
section 2.4.5 — section 2.4.7). 
2.9. Optimization of Crude Enzyme Activities 
2.9.1 Ligninolytic enzyme 
After determination of the optimized conditions for different parameters as above 
(section 2.2 — section 2.8), the performance of the ligninolytic enzymes at the 
combined conditions was assessed using specific activities as criteria. 
2.9.1.1 Crude enzyme amount 
Different amounts (5, 10, 20, 40, 80, 160 and 320 mg respectively) of freeze-dried 
crude enzyme powder were dissolved in 2 m L ultra-pure water. The change of 
protein content, laccase and manganese peroxidase activities against crude enzyme 
amount was monitored. 
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2.9.1.2 pH effect 
The change of protein content, activities of laccase and manganese peroxidase in 
crude enzyme preparation (20 mg crude enzyme powder dissolved in 2 m L ultra-pure 
water) under different pHs, ranging from acidic to alkaline, was tested. The pHs 
tested were: 1, 2, 3, 4, 5, 7 and 9, respectively. 
2.9.1.3 Temperature effect 
The change of protein content, activities of laccase and manganese peroxidase in 
crude enzyme preparation (20 mg crude enzyme powders dissolved in 2 m L 
ultra-pure water) under different operating temperatures, ranging from ambient 
temperature to high temperatures, i.e. 25,35, 45, 55, 65 and 75®C, were examined. 
2.9.1.4 EDTA addition 
The importance of metal cofactors for laccase and manganese activities in crude 
enzyme preparation (6 mg crude enzyme powders dissolved in 1 m L ultra-pure water) 
was revealed by the effect of EDTA (metal chelators) addition. The concentrations of 
EDTA tested were: 0, 0.5, 1, 1.5 and 2 m M respectively. The change of enzyme 
activities was monitored at 30 min interval. 
2.9.1.5 Copper ion addition 
Different amounts of copper (II) sulphate were added to crude enzyme preparation 
(20 mg crude enzyme powders dissolved in 2 m L ultra-pure water) to give final 
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copper ion concentrations ranging from 0.04 |LIM (endogenous Cu^^ level in crude 
enzyme preparation) to 40 m M . The activities of laccase and manganese peroxidase 
under different copper ion concentrations were monitored. 
2.9.1.6 Manganese ion addition 
Different amounts of manganese sulphate were added to crude enzyme preparation 
(20 mg crude enzyme powder dissolved in 2 m L ultra-pure water) to give a final 
manganese ion concentration ranging from 4 |LIM (endogenous MN^ "^  level in crude 
enzyme preparation) to 43 m M . The activities of laccase and manganese peroxidase 
under different manganese ion concentrations were monitored. 
2.9.1.7 Hydrogen peroxide addition 
The activities of laccase and manganese peroxidase in crude enzyme preparation (20 
mg crude enzyme powder dissolved in 2 m L ultra-pure water) under different 
hydrogen peroxide concentrations ranging from 0.05 m M (endogenous H2O2 level in 
crude enzyme preparation) to 5000 m M were monitored. 
2.9.1.8 Malonic acid addition 
The effect of malonic acid addition on maintaining activities of laccase and 
manganese peroxidase in crude enzyme preparation (6 mg crude enzyme powder 
dissolved in 1 m L ultra-pure water) was monitored. The concentrations of malonic 
acid tested were: 0, 0.5, 1, 1.5 and 2 m M respectively. The change of enzyme 
activities was monitored at 30 min interval. 
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2.9.2 Other enzymes (beta-glucanase, carboxymethylcellulase and xylanase) 
The activities of beta-glucanase, carboxymethylcellulase and xylanase in crude 
enzyme preparation under different conditions were also monitored, and assayed by 
the methods mentioned in section 2.4.5 — section 2.4.7. 
2.9.2.1 Temperature effect 
The change of activities of beta-glucanase, carboxymethylcellulase and xylanase in 
crude enzyme preparation under different temperatures (20,30，40, 50 and 60。C) was 
monitored. 
2.9.2.2 pH effect 
The change of activities of beta-glucanase, carboxymethylcellulase and xylanase in 
crude enzyme preparation under different pHs (pH 2, 3, 4, 5, 6 and 7) was recorded. 
2.10 Studies on the Degradation Ability of Crude Enzyme towards 
Organopollutants 
The degradation capability of crude enzyme preparation towards organopollutants 
was examined with five compounds, including 1) naphthalene, 2) phenanthrene, 3) 
pentachlorophenol, 4) 4,4'-DDT and 5) Indigo carmine. Since ligninolytic enzymes 
are well-known for its organopollutant degradability, the combined optimal 
conditions for ligninolytic enzymes including laccase and manganese peroxidase in 
crude enzyme preparation to function was applied to facilitate the breakdown of 
organopollutants. Figure 2.2 shows the G C M S chromatogram of crude enzyme 
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powder and no target organic pollutants were detected. The peak signals are quite 
low, reflecting that most compounds in crude enzyme powder are water-soluble, and 
not extractable by organic solvents. This is reasonable because enzyme cocktail 
comes from extraction of S M C by distilled water, and compounds in enzyme powder 
therefore should tend towards water-soluble, rather than solvent-soluble. Most peaks 
on the chromatogram are impurity compounds such as pentasiloxane and trisiloxane 
derivatives while other possible compounds present in crude enzyme preparation 
include: 2-(5-methyl-3-isoxazolyl)- phenol; Hexanoic acid derivatives and 
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Figure 2.2 G C M S chromatogram of crude enzyme powder. 
2.10.1 Removal of PAH (naphthalene and phenanthrene) 
2.10.1.1 Experimental setup 
The treatment system included 160 mg crude enzyme powder, 4.8 mg Cu�.,38.4 mg 
Mn2+ and 14.4 mg malonic acid, dissolved in 1.9 m L ultra-pure water at pH 3. 0.1 
m L stock PAH solutions were added to the crude enzyme preparation and incubated 
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at 45OC with shaking at 100 rpm for 1 day. After treatment, residual PAHs in the 
liquid sample were extracted according to the following procedures modified from 
Witt (1995), Errett et al. (1996), Ching (1997), Moza et al (1999), Reddy and Quinn 
(1999), Stringfellow & Alvarez-Cohen (1999) as well as Zaidi & Imam (1999). The 
residual naphthalene was extracted with 20 m L dichloromethane (HPLC grade, 
Mallinckrodt, USA) for 15-min sonication (50 hertz), and then shaking at 200 rpm 
for 1 hour. Then, the organic phase was collected and another 20 m L 
dichloromethane was added to the original tube to extract the residual PAHs by 
sonication and shaking again. The two portions of the dichloromethane extracts were 
pooled together and evaporated by rotary evaporation at about 70°C (BUCHI 
Rotavapor R-114 and BUCHI Waterbath B-480). The concentrated sample was then 
redissolved in 1 m L of HPLC grade acetone and stored in darkness in a borosilicate 
GC vial at -20。C until further analysis (Bezalel et al., 1996; Errett et al., 1996; 
Bezalel et al., 1996; Wang, 1996; Ching, 1997; Stringfellow and Alvarez-Cohen, 
1999). All samples were filtered by 0.45-)am filters (Acrodisc® CR 4-mm syringe 
filter with a 0.45-|Lim PTFE membrane). The samples prepared were then injected 
into GC/FID or GC/MS for both quantitative analysis of residual PAH after treatment 
and putative identification of breakdown products. A control setup was prepared by 
carrying out the PAH extraction immediately after adding PAH into crude enzyme 
preparation, and the enzyme-PAH mixtures were not incubated. The change of PAH 
degradation by crude enzymes were monitored with the following parameters. 
2.10.1.2 Effect of PAH concentration 
The concentrations of naphthalene tested were 0.5, 1, 2, 5, 10 and 50 mg L"^  while 
those of phenanthrene were 0.1, 0.5, 1, 2, 5, 10 and 20 mg L'\ These pollutant 
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concentrations exceed their environmental safety limits present in water medium 
(Wilson and Jones, 1993; Crawford and Crawford, 1996). 
2.10.1.3 Effect ofABTS addition 
Different amounts of ABTS (0，5, 10, 20 and 40 mg), a laccase mediator, were added 
into the reaction mixture, and their effect on PAH removal was monitored (Collins et 
al, 1996; Majcherczyk et al, 1998). 
2.10.1.4 Effect of incubation time 
The removal of PAH by incubation with crude enzyme preparation for different times: 
1, 3, 6, 12 and 24 hours was monitored. 
2.10.1.5 Putative identification and quantMcation of PAHs 
A gas chromatography with a flame ionizing detector (GC-FID) (Hewlett Packard 
HP6890 Series) was used to quantify the PAHs in samples and controls while a gas 
chromatography coupled with a mass selective detector (GC-MSD) (Shimadzu 
GCMS-QP5050A) was used to qualify and quantify the PAHs and their degradation 
products. For qualitative analysis, two libraries (Shimazu corporation, NIST 12.Lib 
& NIST 62.Lib) were used to match and putatively identify the peaks resolved in a 
gas chromatogram. By comparing the retention times of the commercial authentic 
standards and those of the resolved peaks, the identities of the PAHs were further 
confirmed. For quantitative analysis, a series of PAH standard solutions were 
prepared and their peak areas were constructed into a standard curve. The 
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concentration of a unknown sample was determined by its peak area with standard 
curve. 
Separation of the PAH from other compounds was performed on a 0.25-mm (i.d.) x 
30-m HP-5 methyl siloxane capillary column coated with a 0.25-|Lim film (Hewlett 
Packard HP19091Z-413). The samples were automatically loaded into the column by 
the autosampler (Shimazu AOC-20i). For GC-MSD, mass spectrometry with selected 
ion mode (SIM) was used. The scan rate was about 1.5 scans/second. The operating 
conditions for GC-MSD and GC-FID are tabulated in Table 2.1. The temperature 
profiles of the method are presented in Table 2.2 (American Public Health 
Association, 1985 and 1992; Bossert and Bartha, 1986; Walter et al., 1991; Dhawale 
et al., 1992; Wang et al., 1995; Bezalel et al., 1996; Wang, 1996; Singh et al., 1998; 
Eggen, 1999; Reddy and Quinn, 1999; Schutzendubel et al., 1999; Canet et al., 
2001). 
Table 2.1 Experimental conditions used for GC-MSD and GC-FID in analysis of 
PAH samples. 
GC-MSD and GC-FID conditions Conditions 
Carrier gas High purity helium 
Column flowrate 2 m L min] 
Column pressure 122.2 kPa 
Oven temperature 60 °C 
Oven equilibrium time 1.5 min 
Injector temperature 250 
Interface temperature 250 °C 
Linear velocity 51.6 m L min] 
Split mode Splitless 
Solvent cut 4 min 
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Table 2.2 The temperature profiles for GC-MSD and GC-FID in analysis of PAH 
samples. 
Oven R a m p R a t e (°C/min)Temperature (°C) Hold Time (min) 
Initial - ^ LS 
Ramp 8 JOO 10 
The programme time was 42 minutes. 
2.10.2 Removal of pentachlorophenol (PCP) 
2.10.2.1 Experimental setup 
The treatment system for PCP was the same as that for PAH in section 2.10.1.1 
except that the 0.1 m L stock PAH solution was replaced by 0.1 m L stock 
pentachlorophenol solution. After treatment, residual PCPs in the liquid sample were 
extracted by dichloromethane with the same procedure in section 2.10.1.1. However, 
the concentrated sample was then redissolved in 1 m L of HPLC grade methanol 
instead of acetone (Okeke et al., 1993), and stored in darkness in a borosilicate GC 
vial at -20°C until further analysis. The samples prepared were then injected into 
GC-MS for both quantitative analysis of residual PCP and putative identification of 
breakdown products. A control setup was prepared by carrying out the PCP 
extraction immediately after adding PCP into crude enzyme preparation, and the 
enzyme-PCP mixtures were not incubated. The change of PCP degradation by crude 
enzyme preparation was monitored. 
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2.10.2.2 Effect of PCP concentration 
The concentrations of PCP tested were 4, 8, 16, 32 and 64 mg I/、These 
concentrations exceed the maximum contaminant level goal for PCP level in 
drinking water (Larson et al., 1997). 
2.10.2.3 Effect of ABTS addition 
Different amounts of ABTS (0, 5, 10，20 and 40 mg) were added into the reaction 
mixture, and their effect on PCP removal was monitored. 
2.10.2.4 Effect of incubation time 
The removal of PCP by incubation with crude enzyme preparation for different 
periods: 1, 3, 6, 12 and 24 hours was monitored, 
2.10.2.5 Putative identification and quantification of PCP 
GC-MSD (Shimadzu GCMS-QP5050A) was used to qualify and quantify the PCP 
and its degradation products in samples and controls. The two libraries (Shimazu 
corporation, NIST 12.Lib & NIST 62.Lib) were used to match and putatively identify 
the peaks resolved in a gas chromatogram. The GC operating conditions (Table 2.3) 
and temperature profiles (Table 2.4) for PCP analysis followed those of Abbas and 
Hayton(1996). 
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Table 2.3 Experimental conditions used for GC-MSD in analysis of PCP samples. 
GC-MSD conditions Conditions 
Carrier gas High purity helium 
Column flowrate 1.8 m L min] 
Column pressure 116 kPa 
Oven temperature 70 
Oven equilibrium time 1 min 
Injector temperature 280 °C 
Interface temperature 280 °C 
Linear velocity 44.4 m L min] 
Split mode Splitless 
Solvent cut 6 min 
Table 2.4 The temperature profiles for GC-MSD in analysis of PCP samples. 
Oven Ramp Rate (。C/min) Temperature (。C) Time (min) 
Initial - 70 1 
Ramp 1 15 ^ 8 
Ramp 2 15 ^ 6 
The programme time was 27 min. 
2.10.3 Removal of 4,4'-DDT 
2.10.3.1 Experimental setup 
The treatment system for D D T was the same as that for PAH in section 2.10.1.1 
except that the 0.1 m L stock PAH solution was replaced by 0.1 m L stock D D T 
solution. On the other hand, after treatment, the residual D D T in the liquid sample 
was extracted by the same procedure in section 2.10.1.1 except that dichloromethane 
was replaced by 95% hexane (Saady et al, 1992; EPA, 1998). The concentrated 
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sample was then redissolved in 1 m L of HPLC grade methanol (Mottaleb & Abedin, 
1999) and stored in darkness in a borosilicate GC vial at —20。C until further analysis. 
The samples prepared were then injected into GC-ECD and GC-MSD for both 
quantitative analysis of residual D D T and putative identification of breakdown 
products. A control setup was prepared by carrying out the D D T extraction 
immediately after adding D D T into crude enzyme preparation, and the enzyme-DDT 
mixtures were not incubated. 
2.10.3.2 Effect of DDT concentration 
The concentrations of D D T tested were 1, 2, 4, 10, 20 and 40 mg U \ These 
concentrations exceed the environmental standards for D D T in potable water and 
aquatic organisms (Marchang, 1990). 
2.10.3.3 Effect of ABTS addition 
Different amounts of ABTS (0, 5, 10, 20 and 40 mg) were added into the reaction 
mixture and its effect on D D T removal was monitored. 
2.10.3.4 Effect of incubation time 
The removal of D D T by incubation with crude enzyme preparation for different 
times: 1, 3，6, 12 and 24 hours were monitored. 
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2.10.3.5 Putative identification and quantification of DDT 
GC-MSD (Shimadzu GCMS-QP5050A and HP Agilent 6890/5793N G C M S D ) was 
used to qualify and quantify D D T and its degradation products in samples and 
controls. The libraries (Shimazu - NIST 12.Lib & NIST 62.Lib; HP Agilent - NIST 
98 M S Library) were used to match and putatively identify the peaks resolved in a 
gas chromatogram. The G C operating conditions and temperature profiles for D D T 
analysis are shown in Tables 2.5 and 2.6 (modified from Hamer et al., 1999; Covad 
et al., 2001; Vieria et al., 2001; Zhou et al., 2001; Miersma et al, 2003): 
Table 2.5 G C operating conditions for GC-ECD and GC-MSD in analysis of D D T 
samples. 
GC-MSD and GC-ECD conditions Conditions 
Carrier gas High purity helium 
Column flow rate 1 m L min] 
Column pressure 56.7 kPa 
Oven temperature 60°C 
Oven equilibrium time 1 min 
Injector temperature 250°C 
Interface temperature 300°C 
Linear velocity 36.5 m L min"^  
Split mode Splitless 
Solvent cut 4 min 
60 
Table 2.6 The temperature profiles for GC-ECD and GC-MSD in analysis of D D T 
samples. 
Oven R a m p R a t e ('C/min) | Temperature (。C) | T i m e (min) 
Initial - ^ 2 
Ramp 1 10 2 
Ramp 2 10 ^ 25 
The programme time was 53 minutes. 
2.10.4 Removal of dye 一 Indigo carmine 
2.10.4.1 Experimental setup 
The treatment system of Indigo carmine included 160 mg crude enzyme powder, 4.8 
mg Cu2+, 38.4 mg Mn^^ and 14.4 mg malonic acid, dissolved in 10 m L Indigo 
carmine at pH 3. The reaction mixture was incubated at 45'^ C with 200 rpm shaking 
for 1 day. A control setup was prepared with the heat-denatured enzyme powder 
(enzyme powder heated at lOO^C for 1 day). After treatment, the absorbance of 
treated samples at wavelength 608 nm was monitored and compared with control, 
and if necessary, minus the natural color changes of Indigo carmine during 
incubation. The O.D. 608 nm of dye with initial concentration 0.05% and 0.25% was 
decreased by 5.6% and 0.3% respectively after 24 hour incubation, but no 
spontaneous color change for dye of higher concentration occurred. The 
decolorization of Indigo carmine by crude enzymes was monitored with the 
following parameters. 
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2.10.4.2 Effect of dye concentration 
The concentrations of Indigo carmine tested were 0.05, 0.25, 0.75, 1.25, 1.88 and 
2.50 %. Dye with those concentrations result in a very deep purple-blue color, with 
extremely strong absorbance at 608 nm, and feasible to test the degree of 
decolorization by crude enzyme preparation. 
2.10.4.3 Effect of ABTS addition 
Different amounts of ABTS (0, 5, 10, 20 and 40 mg) were added into the reaction 
mixture and their effect on Indigo carmine removal was monitored. 
2.10.4.4 Effect of incubation time 
The decolorization of Indigo carmine by incubating with crude enzyme preparation 
for different times: 1, 3, 6, 12 and 24 hours was monitored. 
2.11 Assessment Criteria 
2.11.1 Degradation ability 
There are two assessment criteria adopted to evaluate the degradation ability of crude 
enzyme preparation towards organic pollutants. They are removal efficiency (RE) 
and removal capacity (RC). RE measures the percentage of the amount of pollutant 
removed with reference to the initial pollutant amount present in the system. On the 
other hand, RC is the amount of pollutant removed per U of total ligninolytic enzyme 
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activities (laccase and manganese peroxidase activities) in the crude enzyme 
preparation. R C measures the effectiveness of the crude enzyme preparation for 
degrading the target pollutant. 
They could be calculated according to the following equations: 
RE (%) = (amount of pollutant removed after treatment / initial amount of pollutant) 
X 100% 
RC (nmoles/U) = amount of pollutant removed after treatment / enzyme unit of total 
laccase and manganese peroxidase activities 
2.11.2 Toxicity of treated samples (Microtox® test) 
The toxicities of residual pollutants and breakdown product in treated samples were 
measured by Microtox® Analyzer (M500, Microbics Corporation, USA). 100% test 
outlined in the Microtox® Operation Manual (Microbics Corporation, 1995) was 
carried out. The change in the bioluminescence of rehydrated Vibrio fischeri strain 
N R R L B-11177 was recorded at 5 minutes and 15 minutes at 15°C maintained by the 
analyzer. The IC50 values and their 95 % confidence intervals were calculated by 
software MTX7. IC50 refers to the inhibitory concentration producing a 50% 
reduction in light emitted by Vibrio fischeri. The lower the IC50 values of the sample, 
the higher the toxicity of the sample. 
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2.12 Statistical Analysis 
Unless specified, three replicates were examined for each parameter. Data were 
presented in mean 土 standard deviation. One-way Analysis of Variance (ANOVA) or 
two-way A N O V A were used to detect any significant difference among data from the 
treatments and/or the control. However, Student t test was used when only two sets 
of data were compared. Tukey test (p < 0.05) was used to rank the data into groups, 
with letter a, b, c representing the highest to the lowest rank if one-way or two-way 
A N O V A indicates there is significant difference among groups. All statistical 
programmes were provided in SPSS (Version 10.0) software. 
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3. Results 
3.1 The Best SMC for Enzyme Preparation 
Figures 3.1a to 3.If show the protein contents, activities of laccase, manganese 
peroxidase (MnP), p-glucanase, carboxymethylcellulase (CMCase) and xylanase 
recovered from five different types/ages of SMCs. Straw SMCs of Pleurotus 
pulmonarius generally contained more protein than sawdust S M C of Ganoderma 
lucidum and/or Ganoderma tsugae, and the largest amount of protein (59 土 2 mg g"^  
SMC) was recovered from five-year Pleurotus SMC. The proteins extracted from 
those SMCs constituted ligninolytic enzymes (laccase and MnP), cellulose-degrading 
enzymes (CMCase and p-glucanase) and xylan-degrading enzyme (xylanase). Their 
levels in different SMCs were different, no lignin peroxidase (LiP), protease and 
lipase were detected in all SMCs. Fresh straw S M C of P. pulmonarius immobilized 
laccase (3.64 土 0.45 |LIM cation radical formed min'^ ) and P-glucanase (0.039 土 0.001 
ILimoles glucose formed min"^ ), with the highest activities among all crude enzyme 
preparations. On the other hand, the highest MnP (1.86 土 0.07 |LIM indamine dye 
product formed min"^ ) was extracted from S M C of G. lucidum while fresh Pleurtous 
S M C has the second-best MnP activity (1.22 土 0.07 juM indamine dye product 
formed min'^ ). In terms of total ligninolytic enzyme activities (laccase plus MnP), 
fresh S M C of P. pulmonarius would be the best choice for extraction and better than 
Ganoderma SMCs. However, acting as a source of CMCase and xylanase, fresh 
S M C of G. tsugae, with the best CMCase (0.052 土 0.001 jLimoles glucose formed 
min-i) and xylanase (0.076 土 0.003 jimoles xylose formed min]) activities, would be 
more appropriate than others. Comparison of enzyme activities in different ages of 
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SMCs of P. pulmonarius indicated that fresh S M C possessed higher activities of 
lignocellulolytic enzymes than older SMCs did. 
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Figure 3.1a Protein contents in different types/ages of spent mushroom 
composts (SMCs). 0.1 g S M C was extracted with 6 m L distilled water at 120 rpm 
for 3 hours. Each data point represents the mean 土 standard deviation of three 
replicates. One-way A N O V A is done and ranking is by Tukey test at 5% probability, 
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Figure 3.1b Laccase activities in different types/ages of spent mushroom 
composts (SMCs). 0.1 g S M C was extracted with 6 m L distilled water at 120 rpm 
for 3 hours. Each data point represents the mean 士 standard deviation of three 
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Figure 3.1c Manganese peroxidase activities in different types/ages of spent 
mushroom composts (SMCs). 0.1 g S M C was extracted with 6 m L distilled water at 
120 rpm for 3 hours. Each data point represents the mean 土 standard deviation of 
three replicates. One-way A N O V A is done and ranking is by Tukey test at 5% 
probability. 
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Figure 3.1d p-glucanase activities in different types/ages of spent mushroom 
composts (SMCs). 0.1 g S M C was extracted with 6 m L distilled water at 120 rpm 
for 3 hours. Each data point represents the mean 土 standard deviation of three 
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Figure 3.1e Carboxymethylcellulase (CMCase) activities in different types/ages 
of spent mushroom composts (SMCs). 0.1 g S M C was extracted with 6 m L 
distilled water at 120 rpm for 3 hours. Each data point represents the mean 土 
standard deviation of three replicates. One-way A N O V A is done and ranking is by 
Tukey test at 5% probability. 
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Figure 3.1f Xylanase activities in different types/ages of spent mushroom 
composts (SMCs). 0.1 g S M C was extracted with 6 m L distilled water at 120 rpm 
for 3 hours. Each data point represents the mean 土 standard deviation of three 
replicates. One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
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3.2 Maximization of Enzymes Extracted from SMC 
3.2.1 Effect of extraction solution type and volume on crude enzyme recovery 
Distilled water (pH 6.06) and 160 m M sodium acetate buffers of various pH values 
(pH 4, 5 and 6) were used to extract protein immobilized in S M C of Pleurotus 
pulmonarius. The amounts of protein recovered by distilled water and acetate buffer 
ofpH6 were generally the same and 10 m L extraction solution for each 0.1 g S M C 
allowed the greatest recovery (Figure 3.2al). The pH values of extraction solution 
could greatly affect the protein recovery: pH 4 buffer recovered much less protein 
than pH 5 buffer and pH 6 buffer did. However, the difference in protein recovery 
between using pH 5 buffer and pH 6 buffer was statistically insignificant. The crude 
protein extracted by distilled water and acetate buffers contained laccase and 
manganese peroxidase. More laccase in crude protein could be extracted by using 
acetate buffer of pH 5 than by distilled water and buffers of other pH values (Figure 
3.2a2). Four m L of pH 5 buffer already gave a saturated recovery of total laccase 
activity. For manganese peroxidase recovery, in contrast to the case of laccase 
recovery, distilled water was the better choice than sodium acetate buffers; the total 
MnP activity recovered by distilled water was greatly enhanced and became 
saturated when the extraction volume increased from four to six m L (Figure 3.2a3). 
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Figure 3.2al Effect of extraction solution type and volume on protein recovery 
from SMC of Pleurotus pulmonarius, 0.1 g S M C was extracted with different types 
of extraction solution at different volumes for 3 hours. Each data point represents the 
mean 土 standard deviation of three replicates. Two-way A N O V A is done at 95% 
confidence interval. 
Two-way ANOVA (for Figure 3.2al) 
Tests of Between-Subjects Effects 
Dependent Variable: Protein Content 
_ Source Type III Sum of Squares df Mean Square F Siq 
Corrected Model 38.223 2.012 4 0 . 3 ^ _ ^ ^ 
Intercept 736.471 " T " 736.471~~ 14780 J60 _0W 
VOLUME ^ 4 1.285 — 25.794 OOOQ 
SOLUTION TYPE 30.776 I 10.259：1~ ？nfS fiftO n nnn 
VOLUME * SOLUTION 2.306 o W 
TYPE . 
Error 1.993 4.983E-Q2 
l o ^ 776.687 “ 60 
Corrected Total 40.216 59 
a R Squared = 0.950 (Adjusted R Squared = 0.927) 
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Estimated Marginal Means 
Dependent Variable: Protein Content 
95% Confidence Interval 
Volume / mL Solution Type Mean Std. Error Lower Bound Upper Bound 
4 Distilled water 3.593 0.129 3.333 3.854 
pH 4 buffer 2.320 2.060 2.580 一 
pH 5 buffer 3.100 0.129 2.840 3.360 
pH 6 buffer 3.677 ~~ai29 3.416 3.937 — 
6 Distilled water 3.920 — 0.129 一 3.660 4.180 — 
pH 4 buffer 2.107 0.129 1.846 2.367 
pH 5 buffer 3.607 0.129 3.346 3.867 
pH 6 buffer 3.820 0.129 3.560 4.080 
8 Distilled water 3.717 “ 0.129 一 3.456 3.977 
pH 4 buffer 2.350 —0.129 _ 2.090 2.610 — 
pH 5 buffer 3.503 ~~0.129 3.243 一 3.764 
pH 6 buffer 3.657 ~~0.129 3.396 3.917 
10 Distilled water 4.663 0.129 4.403 
pH 4 buffe7~ 2.467 “ 0.129 — 2.206 2.727 一 
pH 5 buffer 4.477 —0.129 — 4.216 4.737 — 
pH 6 buffer 4.290 —0.129 — 4.030 4.550 — 
12 Distilled water 4.287 0.129 4.026 
pH 4 buffe7~ 2.117 “ 0.129 — 1.856 2.377 — 
pH 5 buffer 4.277 —0.129 — 4.016 4.537 — 
一 pH 6 buffer 4.123 0.129 3.863 4.384 _ 
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Figure 3.2a2 Effect of extraction solution type and volume on laccase recovery 
from SMC of Pleurotus pulmonarius, 0.1 g S M C was extracted with different types 
of extraction solution at different volumes for 3 hours. Each data point represents the 
mean 土 standard deviation of three replicates. Two-way A N O V A is done at 95% 
confidence interval 
Two-way ANOVA Table (for Figure 3.2a2) 
Tests ofBetween-Subjects Effects 
Dependent Variable: Laccase activity 
Source Type III Sum of Squares df Mean Square F Sia 
_Co r r e c t ed Model 621.682 3 Z 7 2 Q _ 
Intercept 3329.405 ~ T ~ n nnn 
VOLUME 135.008 4 33.752 ~~ 25.723 0 000 
SOLUTION TYPE 465.047 j 155^16 118 140 o W 
VOLUME * SOLUTION 21.628 f ^ 1 374 
TYPE • 
Error 52.485 一 40 1.312 
lo t^ 4003.573 “ 60 
Corrected Total 674.168 59 “ ‘ 
a R Squared = 0.922 (Adjusted R Squared = 0.885) 
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Estimated Marginal Means 
Dependent Variable: Laccase activity 
^^95% Confidence Interval 
Volume / mL| Solution Type Mean Std. Error Lower Bound Upper Bound 
4 Distilled water 9.073 0.661 7.737 10.410 
pH 4 buffer 5.000 “ 0.661 3.663 一 6.3377^ 
pH 5 buffer 11.667 0.661 — 10.330 “ 13.003 — 
pH 6 buffer 7.963 “ 0.661 6.627 9.300 
6 Distilled water 10.280 0.661 R M.6M 
pH 4 buffer— 3.610 — 0.661 “ 2.273 4.947 — 
pH 5 buffer 13.333 — 0.661 11.997 14.670 
pH 6 buffer 9.447 ~ 0.661 8.110 10.783 
8 Distilled water 9.260 0.661 7 QPj 10.597 
pH 4 buffer" 4.070 — 0.661 “ 2.733 5 . 4 0 7 ^ 
pH 5 buffer 11.480 0.661 10.143 — 12.817 
pH 6 buffer 7.040 _ 0.661 5.703 一 8.377 
10 Distilled water 6.943— 0.661 5.607 
pH 4 buffer— 3.707 “ 0.661 “ 2.370 5.043 — 
pH 5 buffer 9.720 0.661 — 8.383 “ 11057 
pH 6 buffer 6.943 0.661 — 5.607 “ 8.280 — 
12 Distilled water 6.113 0.661 — 4.777 7.450 
pH4buffer~ 4.441 E-1^ 0.661 — -1.337 1.337 
pH 5 buffer 8.890 “ 0.661 7.553 — 10.227 
pH 6 buffer 4.443 0.661 3.107 5.780 
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Figure 3.2a3 Effect of extraction solution type and volume on manganese 
peroxidase (MnP) recovery from SMC of Pleurotus pulmonarius, 0.1 g SMC was 
extracted with different types of extraction solution at different volumes for 3 hours. 
Each data point represents the mean 土 standard deviation of three replicates. 
Two-way A N O V A is done at 95% confidence interval. 
Two-way ANOVA Table (for Figure 3.2a3) 
Tests of Between-Subjects Effects 
Dependent Variable: Manganese peroxidase activity 
Source Type III Sum of Squares df Mean Square F S i ^ 
___Corrected Model 656.870 JI9_ 34.5^ 56.894 
Intercept 3948.597 1 ^8 .597 _ j 4 9 8 , ^ Q 0 n n 
VOLUME 29.491 12.133 0~660 
SOLUTION TYPE 607.898 j ^ ^ 2 0 ^ 333 463 0 000 
VOLUME * SOLUTION 19.481 l 2 1：^ 2 672 0 010 
TYPE • 
Error 24.306 —~4Q~ 0.608 
Total 4629.774 _ 60 
Corrected Total 681.177 59 
a R Squared = 0.964 (Adjusted R Squared = 0.947) 
7 7 
Estimated Marginal Means 
Dependent Variable: Manganese peroxidase activity 
95% Confidence Interval 
Volume / mL Solution Type Mean Std. Error Lower Bound Upper Bound" 
4 Distilled water 9.557 0.450 “ 8.647 10.466 
pH 4 buffe7~ 3.523 0.450 — 2.614 4.433 — 
pH 5 buffer 7.170 —0.450 — 6.260 8.080 “ 
pH 6 buffer 8.427 —0.450 — 7.517 9.336 “ 
6 Distilled water 12.450" 0.450 一 11.540 13.360 
pH 4 buffe7~ 3.207 0.450 “ 2.297 4.116 — 
pH 5 buffer 8.867 —0.450 — 7.957 9.776 
pH 6 buffer 11.697 ~0.450 — 10.787 — 12.606 “ 
8 Distilled water 11.823" 0.450 — 10.914 12.733 
— pH 4 buffe7~~ 2.513 0.450 — 1.604 3.423 — 
pH 5 buffer 8.807 ~0.450 — 7.897 9.716 “ 
pH 6 buffer 11.070 —0.450 — 10.160 11.980 “ 
10 Distilled water 11.633 0.450 “ 10.724 12.543 一 
pH 4 buffeF" 2.830 0.450 — 1.920 3.740 — 
pH 5 buffer 8.490 —0.450 — 7.580 9.400 “ 
pH 6 buffer 10.377 “ 0.450 — 9.467 11.286 — 
12 “ Distilled water 10.94^ 0.450 10.034 11.853 
— pH 4 buffe7~ 2.640 0.450 “ 1.730 3.550 — 
— pH 5 buffer 7.543 0.450 _ 6.634 8.453 — 
— pH 6 buffer 8.680 0.450 7.770 9.590 — 
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3.2.2 Effect of extraction time on crude enzyme recovery 
The duration of extraction could influence the extraction of protein, laccase and 
manganese peroxidase immobilized in S M C of Pleurotus pulmonarius (Figure 3.2b). 
When the extraction time prolonged from one to six hours, more protein (increased 
by 17%) was extracted. However, recoveries of laccase and MnP, components of 
crude proteins, already became saturated and reached peaks after three hour 
extraction. 
3.2.3 Effect of rotation speed on crude enzyme recovery 
Stationary and shaken conditions affect significantly the enzyme extraction 
efficiency (Figure 3.2c). More crude proteins could be extracted from S M C by 
employing speedy rotation. 120 rpm rotation, the maximum rotation speed in this 
experiment, allowed the greatest amount of protein recovered. The recovery of 
ligninolytic enzymes in crude proteins was influenced by rotation speed. For laccase, 
extraction with 60 rpm rotation rendered enzyme cocktail with higher laccase activity 
than stationary extraction did, while more speedy rotation (120 rpm) could not 
increase the extraction of laccase further. In contrast, the influence of rotation speed 
on MnP recovery was the same as that for general proteins i.e. 120 rpm shaking let 
more MnP to be released from SMC. 
79 
• protein content • laccase activity • MnP activity 
4-0 「 0.30 
a a a " 
3.5 - ^ ^ i • - -
b / / 丁 T •• 0.25 _ 
' r ^ x y ^ ^ ^ ^ ^ ^ ~ HI II I 
/ a ? 
_ /：： a - - 0.20 g 
^ 2.5 - /Ta a eg 
h / ^ ^ l i ——I 
o bjf b u 
左 1.5 tu b f 
：- - 0 . 1 0 云 
1.0 - I 
N c w 
-0.05 
0.5 -
0 . 0 ^ ^ ‘ ‘ ‘ ‘ ‘ 0 . 0 0 
1 4 7 10 13 16 19 22 
Extraction time (hour) 
Figure 3.2b Effect of extraction time on the recovery of protein, laccase and 
manganese peroxidase (MnP) from SMC of Pleurotus pulmonarius. 0.1 g S M C 
was extracted with 6 m L sodium acetate buffer (160 m M , pH 5) for different times. 
Each data point represents the mean 士 standard deviation of three replicates. 
One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
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Figure 3.2c Effect of rotation speed on the recovery of protein, laccase and 
manganese peroxidase (MnP) from SMC of Pleurotus pulmonarius. 0.1 g S M C 
was extracted with 6 m L sodium acetate buffer (160 m M , pH 5) for 3 hours with 
different rotation speeds. Each data point represents the mean 士 standard deviation of 
three replicates. One-way A N O V A is done and ranking is by Tukey test at 5% 
probability. 
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3.3 Effect on Dialysis on Crude Enzyme Preparation 
The volume of crude enzyme preparation increased (by 25%) after dialysis 
(membrane pore size of 12 kDa) with water but not with 160 m M sodium acetate 
buffer of pH 5; some proteins in enzyme cocktails were lost after dialysis with both 
types of solutions respectively (Figure 3.3a). Activities of laccase and manganese 
peroxidase (both with sizes ranging from 35.5 to 50.7 kDa) also dropped after 
dialysis with those solutions (Figure 3.3b), although in terms of specific enzyme 
activities, there was no significant difference before and after dialysis with water and 
acetate buffer respectively. 
3.4 Freeze-drying on Crude Enzyme Preparation 
Crude enzyme preparation was freeze-dried into powder and the specific laccase and 
manganese peroxidase activities before and after freeze-drying were more or less the 
same (Figure 3.4). 
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Figure 3.3a Changes of protein content and volume before and after dialysis. 
Two m L crude enzyme preparations were dialysis (membrane pore size =12 kDa) 
against two different types of solution respectively at 4�C for one day. Each data 
point represents the mean 士 standard deviation of three replicates. One-way A N O V A 
is done and ranking is by Tukey test at 5% probability. 
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Figure 3.3b Changes of laccase and manganese peroxidase activities before and 
after dialysis. Two m L crude enzyme preparations were dialysis (membrane pore 
size =12 kDa) against two different types of solution respectively at 4°C for one day. 
Each data point represents the mean 土 standard deviation of three replicates. 
One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
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Figure 3.4 Changes of laccase and manganese peroxidase activities before and 
after freeze-drying. Crude enzyme preparations were freeze-dried for two weeks 
into powder. Each data point represents the mean 土 standard deviation of three 
replicates. Independent-Samples T Test is done with confidence interval at 95%. 
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3.5 Characterization of Crude Enzyme Powder 
The purity of crude enzyme powder in terms of protein content was 21±lo/o. Table 
3.1 shows the metal contents in crude enzyme powder. 12 metals were found 
contributing to 10.52 mg g] crude enzyme powder. Among these cations, K, Na, Ca, 
Mg, M n were the relatively more abundant. CI", P04^' and S04^" were predominant 
out of six anions detected (Table 3.2). These 6 anions account for 78.07 mg g'^  crude 
enzyme powder. 
Table 3.1 Summary of the cation contents in crude enzyme powder. 
Cation Mean Content (mg g"^  enzyme powder) Standard deviation 
B 0.0049 0.0001 
Ba 0.0031 O.QQQl 
Be 0.0000 0.0000 
Cu 0.0026 0.0001 
Fe 0.0166 0.0002 
Sr 0.0025 0.0000 
Zn 0.0229 0.0002 
K 8.379 0.079 
Na 0.198 0.001 
Ca 0.825 0.010 
Mg 0.829 0.003 
Mn 0.237 0.001 
Table 3.2 Summary of the anion contents in crude enzyme powder. 
Anion Amount of anion (mg g] crude enzyme powder) 
F' ^  
cr  
Bf ^  
N〇3- ^  
P O : ^  
~ s o / - 15.17 
86 
3.6 Optimization of Crude Enzyme Activities 
The amount of crude enzyme powder dissolved in two m L of distilled water led to a 
change of protein content, laccase and manganese peroxidase (MnP) in crude 
enzyme preparation (Figure 3.5). The protein contents increased correspondingly 
with more crude enzyme powder added, but not the cases with ligninolytic enzyme 
activities. Adding 160 mg crude enzyme powder in two m L distilled water gave the 
highest laccase activity in enzyme cocktail, and further addition (320 mg powder) 
could not enhance the activity. Instead it resulted in a drop of laccase activity (by 
20%). On the other hand, MnP activity reached a peak with 20 to 40 mg crude 
enzyme powder added and extra addition would decrease the MnP activity (by 
29-37%). In short, 80 mg : 1 m L was the best ratio of crude enzyme powder to 
distilled water to permit the highest total ligninolytic enzyme activities (laccase plus 
MnP). 
The effect of pH during preparation of crude enzymes on protein content, laccase and 
MnP activities was compared (Figure 3.6a). The general protein contents in enzyme 
cocktail were pH insensitive and did not change significantly from extremely acidic 
pH 1 to alkaline pH 9. However, when we look into laccase and MnP components in 
crude proteins, we found their activities changed accordingly to pH; laccase showed 
an optimal activity at pH 3 while MnP showed a relatively broad range of optimal pH 
from pH 4 to 7. The activities of laccase and MnP could be enhanced by 7-fold and 
8.1-fold respectively when the incubation pH changed from pH 1 to their optimal pH 
values. In terms of total ligninolytic enzyme activities, pH 3 would be the best pH 
value for crude enzyme preparation to function. The pH effect on celluloytic and 
hemicellulolytic enzymes (p-glucanase, CMCase and xylanase) were also 
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investigated and shown in Figure 3.6b-3.6d respectively. Those enzymes had a 
common optimal pH value at pH 5, showing an increased activity by 6.6-fold, 
2.1-fold and 3.5-fold compared to that at pH 2 respectively. 
Apart from resistance to pH change, the general protein contents in crude enzyme 
solution were also not affected significantly by incubation temperature (Figure 3.7a). 
In contrast, when incubation temperature increased from 25^C to 45°C, laccase 
activity increased to maximum (with 1.7-fold increase) while MnP activity raised 
with elevated temperature even up to 75^C, the maximum incubation temperature in 
this study. 4.8-fold MnP activity was increased when incubation temperature changed 
from 25®C to 75°C. In conclusion, 45^C would allow the total ligninolytic enzyme 
activities in enzyme cocktail to function optimally. Apart from having a common 
optimal pH, p-glucanase, carboxymethylcellulase (CMCase) and xylanase also 
showed a common optimal temperature at 40°C (Figure 3.7b-3.7d). When the 
incubation temperature increased from 20°C to 40®C, 5.7-fold and 2.3-fold increased 
activity were observed for p-glucanase and CMCase respectively. On the other hand, 
the activity of xylanase dropped by 3.5-fold if the incubation temperature increased 
from 40°C to 60°C, 
The addition of metal chelator EDTA would lower the laccase and MnP activities in 
crude enzyme preparations (Figure 3.8a — 3.8b). In contrast, the addition of suitable 
amount of copper and manganese ions would lead to an increase of laccase activity 
(Figure 3.9a). In the presence of around 0.4 m M Cu^^ and 4.3 m M Mn2+, the laccase 
activity increased to a maximum, with 1.4-fold and 1.7-fold increased activity than 
the cases of without exogenous addition of metal ions respectively. Also，MnP in 
crude enzyme solution could function optimally with a concentration of copper and 
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manganese ion at 4 m M Cu^ "^  and 47 |iM Mn^ "^  respectively, by which 1.5-fold and 
1.2-fold activity were enhanced (Figure 3.9b). The addition of copper and manganese 
ions beyond the optimal amount were in excess and led to a drop of laccase and MnP 
activity respectively. In order to get the highest total ligninolytic enzyme activities, 
enzyme cocktail was supplemented with 0.4 m M Cu^^ and 4.3 m M Mn^ "^ . The effect 
2+ 
of Cu广 on MnP activity was further confirmed by Figure 3.9c; the change of MnP 
activity at 75°C without laccase activity due to Cu^ "^  addition were the same as that at 
37PC (Figure 3.9b). 
Exogenous hydrogen peroxide was added to the crude enzyme solution, but it did not 
stimulate the laccase and MnP activities (Figure 3.10). Instead, the hydrogen 
peroxide added would decrease ligninolytic enzyme activities if too much (50 m M 
for laccase and 500 m M for MnP) were added. The original H2O2 concentration in 
enzyme cocktail (ten mg crude enzyme powder dissolved in one m L water) was 
determined as 16.9土0.4 mg/L and endogenous 0.05 m M H2O2 were detected in one 
m L enzyme reacting solution. 
Malonic acid has also been added to the enzyme cocktail to see if any effect on 
prolonging the duration of ligninolytic enzyme activities. Without malonic acid 
addition, MnP activity could only maintain unchanged for 30 minutes and then 
dropped greatly after one hour incubation. However, in the presence of 0.5 m M 
malonic acid, MnP activity could remain unchanged for one hour and always 
maintained a higher activity (Figure 3.11a). Excess malonic acid e.g. 2 m M would 
lead to a significant drop of MnP activity and lost the effect on maintaining MnP 
activity. On the other hand, regardless of the quantity, malonic acid did not extend 
the stability of laccase activity (Figure 3.11b). Linear regression analysis reveals a 
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drop of laccase activity with incubation time as described by the following equation 
with r2 value of 0.9442, y = -0.0348x + 0.1339. 
The ligninolytic enzyme activities of enzyme cocktail under unoptimized and 
optimized conditions were compared and are shown in Figure 3.12a. Under the 
optimized condition, laccase and MnP activities were significantly much higher than 
the case without optimization; 4.9-fold and 7.2-fold activities of laccase and MnP 
were enhanced respectively. For the duration of ligninolytic enzymes to function, 
MnP activity remained unchanged during the first hour and laccase activity dropped 
continuously, and activities of both enzymes became insignificant after two and a 
half hour incubation (Figure 3.12b). The drop in activity with lengthening in 
incubation time can be described by linear regression analysis. 
Laccase: y = -0.556x + 1.6721 with r^  value of 0.9342. 
MnP: y = -0.655X + 1.8567 with r^  value of 0.8959. 
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Figure 3.5 Effect of crude enzyme amount on protein content, activities of 
laccase and manganese peroxidase (MnP). Different amounts of crude enzyme 
powder were dissolved in two m L distilled water; laccase and MnP activities were 
assayed at 25°C and 37°C respectively. Each data point represents the mean 土 
standard deviation of three replicates. One-way A N O V A is done and ranking is by 
Tukey test at 5% probability. 
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Figure 3.6a Effect of pH on protein content, activities of laccase and manganese 
peroxidase (MnP). Crude enzyme solutions were incubated at various pH values; 
laccase and MnP activities were assayed at 25°C and 37°C respectively. Each data 
point represents the mean 土 standard deviation of three replicates. One-way A N O V A 
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Figure 3.6b Effect of pH on P-glucanase activity. Crude enzyme solutions were 
incubated at 40°C with various pH values. Each data point represents the mean 土 
standard deviation of three replicates. One-way A N O V A is done and ranking is by 
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Figure 3.6c Effect of pH on carboxymethylcellulase (CMCase) activity. Crude 
enzyme solutions were incubated at 40^C with various pH values. Each data point 
represents the mean 士 standard deviation of three replicates. One-way A N O V A is 
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Figure 3.6d Effect of pH on xylanase activity. Crude enzyme solutions were 
incubated at 40°C with various pH values. Each data point represents the mean 士 
standard deviation of three replicates. One-way A N O V A is done and ranking is by 
Tukey test at 5% probability. 
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Figure 3.7a Effect of temperature on protein content, activities of laccase and 
manganese peroxidase (MnP). Crude enzyme solutions were incubated at pH 4.5 
with various temperatures. Each data point represents the mean 土 standard deviation 
of three replicates. One-way A N O V A is done and ranking is by Tukey test at 5% 
probability. 
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Figure 3.7b Effect of temperature on P-glucanase activity. Crude enzyme 
solutions were incubated at pH 5 with various temperatures. Each data point 
represents the mean 土 standard deviation of three replicates. One-way A N O V A is 
done and ranking is by Tukey test at 5% probability. 
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Figure 3.7c Effect of temperature on carboxymethylcellulase (CMCase) activity. 
Crude enzyme solutions were incubated at pH 5 with various temperatures. Each data 
point represents the mean 士 standard deviation of three replicates. One-way A N O V A 
is done and ranking is by Tukey test at 5% probability. 
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Figure 3.7d Effect of temperature on xylanase activity. Crude enzyme solutions 
were incubated at pH 5 with various temperatures. Each data point represents the 
mean 土 standard deviation of three replicates. One-way A N O V A is done and ranking 
is by Tukey test at 5% probability. 
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Figure 3.8a Effect of EDTA on MnP activity. Crude enzyme solutions were 
incubated with different amounts of EDTA; MnP activity was assayed at 37°C at 30 
minute interval. Each data point represents the mean 士 standard deviation of three 
replicates. Two-way A N O V A is done at 95% confidence interval. 
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Two-way ANOVA Table (for Figure 3.8a) 
Tests of Between-Subjects Effects 
Dependent Variable: Manganese peroxidase activity 
Source Type III Sum of Squares df | Mean Square | F Sig. 
Corrected Model 0.113 29 3.896E-Q3 " ^ . 7 1 1 0.000 
— Intercept 3.885E-02 1 3.885E-02 2689.923 “ 0.000  
INCUBATION TIME 一 4.621 E-02 5 9.241 E-Q3 ~^9.769 0.00厂 
EDTA CONC. 4.192E-02 4 1.048E-02— 725.500 0.000 
INCUBATION TIME * 2.486E-02 ^ 1.243E-03 86.0380.000 
EDTA CONC.  
— Error — 8.667E-04 60 1.444E-05 — 
— Total 0.153 ~ W —  
Corrected Total 一 0.114 I 89 | 
a R Squared = 0.992 (Adjusted R Squared = 0.989) 
Estimated Marginal Means 
Dependent Variable: Manganese peroxidase activity 
95% Confidence Interval 
Incubation EDTA conc. Mean Std. Error Lower Bound Upper Bound 
time / hour / mM  
— 0 . 0 — 0.0 - 0.127 0.002 “ 0.122 0.131 
— 0 . 5 “ 7.333E-02 0.002 “ 6.894E-02 7.772E-02 
1.0 “ 7.333E-02 0.002 “ 6.894E-Q2 7.772E-Q2 
— 1.5 3.333E-Q2 — 0.002 2.894E-Q2 3.772E-Q2 
— 2 . 0 2.333E-02 0.002 1.894E-Q2 2.772E-02 
— 0 . 5 — 0.0 0.123 0.002 0.119 0.128 
— 0 . 5 3.333E-02 0.002 “ 2.894E-02 3.772E-02 
~ 1.0 ~3.333E-03 0.002 -1.056E-03 7.723E-03 
1.5 3.333E-Q3 — 0.002 -1.056E-03 7.723E-Q3 
~ 2.0 -3.432E-17~ 0.002 -4.389E-03 4.389E-Q3 
— 1 . 0 0.0 5.667E-02 _ 0.002 5.228E-02 6.1Q6E-Q2 
0.5 5.189E-18 0.002 “ -4.389E-03 4.389E-Q3 
~ — 1.0 — 3.333E-03 0.002 -1.056E-Q3 7.723E-Q3 
— 1.5 4.422E-18 _ 0.002 “ -4.389E-03 4.389E-03 
— 2 . 0 -2.179E-18 0.002 -4.389E-03 4.389E-03 
1.5 — 0.0 “ 4.333E-02 — 0.002 “ 3.894E-02 4.772E-Q2 
一 0.5 “ 4.780E-19 0.002 “ -4.389E-03 4.389E-03 
— 1.0 4.442E-20 — 0.002 ‘ -4.389E-03 4.389E-03 
— 1.5 — -1 .455E-19 0.002 “ -4 .389E-03 4 .389E-03 
— — 2.0 -5.638E-18 0.002一 -4.389E-Q3 — 4.389E-03— 
— 2 . 0 0.0 2.667E-02 0.002 2.228E-02 3.106E-02 
— 0.5 “ 5.871E-18 0.002 -4.389E-03 — 4.389E-Q3 —  
~ ~ 1.0 4.824E-18 0.002 “ -4.389E-03 4.389E-03 
~ 1.5 5.999E-18 — 0.002 -4.389E-03 4.389E-Q3 
“ 2.0 — -7.924E-18 0.002一 -4.389E-03 — 4.389E-Q3 — 
“ 2 . 5 0.0 1.359E-16 — 0.002 -4.389E-Q3 4.389E-Q3 
— 0 . 5 “ -1.495E-17 0.002 “ -4.389E-03 4.389E-Q3 
“ 1.0 _ -1.Q14E-18 0.002 -4.389E-Q3 ~ 4.389E-03 — 
“ 1.5 “ -2.878E-17 0.002 -4.389E-03 — 4.389E-03 一 
— 2.0 2.249E-16 0.002 -4.389E-03 4.389E-03 一 
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Figure 3.8b Effect of EDTA on laccase activity. Crude enzyme solutions were 
incubated with different amounts of EDTA. laccase activity was assayed at 25°C at 
30 min interval. Each data point represents the mean 土 standard deviation of three 
replicates. Two-way A N O V A is done at 95% confidence interval. 
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Two-way ANOVA Table (for Figure 3.8b) 
Tests ofBetween-Subjects Effects 
Dependent Variable: Laccase activity 
Source Type ill Sum of Squares df Mean Square F Sig. 
Corrected Model 0.117 W 2.997E-Q3 27.881 0.000 
intercept — 0.297 ~T~ 0.297 2762.860 0.000 
—INCUBATION TIME ~~ 9.623E-02 7 — 1.375E-02 127.875— 0.000 
— E D T A CONC. ~ 1.2Q1E-Q2 3.001 E-03 27.919 0.000 
INCUBATION TIME * 8.662E-03 ^ 3.093E-04 2 .8780 .000 
EDTA CONC.  
Error 8.600E-03 80 1.075E-04 
Total 0.422 120 
Corrected Total 0.125 119 — 
a R Squared = 0.931 (Adjusted R Squared = 0.898) 
Estimated Marginal Means 
Dependent Variable: Laccase activity 
95% Confidence Interval 
Incubation EDTA conc. Mean Std. Error Lower Bound Upper Bound 
time / hour / mM  
— 0 . 0 0.0 0.123 —0.006 0.111 0.135 
— 0.5 0.103 —0.006 9.142E-02 0.115 
— — 1 . 0 0.107 0.006 9.475E-Q2 0.119 
~ 1.5 0.103 — 0.006 9.142E-Q2 一 0.115 
2.0 7.QQ0E-02 0.006 5.8Q9E-Q2 ~8.191E-Q2 
0.5 0.0 ~9.333E-Q2 0.006 8.142E-02 — 0.105 
0.5 “ 5.333E-02 0.006 4.142E-Q2 6.525E-Q2 — 
~ 1.0 4.667E-02 0.006 3.475E-02 —5.858E-02 
— 1.5 ~5.667E-Q2 0.006 4.475E-02 —6.858E-02 
— 2.0 —7.333E-02 0.006 — 6.142E-Q2 8.525E-Q2 
1.0 “ 0.0 8.667E-Q2 0.006 7.475E-02 “ 9.858E-02 — 
— 0.5 "4.667E-02 — 0.006 3.475E-02 5.858E-Q2 
— 1.0 —5.333E-02 0.006 — 4.142E-02 —6.525E-02  
1.5 6.333E-Q2 — 0.006 5.142E-02 —7.525E-02  
2.0 "5.333E-Q2 0.006 4.142E-Q2 6.525E-Q2 
— 1 . 5 0.0 "8.667E-02 0.006 “ 7.475E-02 —9.858E-02 
— - 0 . 5 4.333E-02 — 0.006 3.142E-02 ~5.525E-02 
— 1.0 4.667E-02 0.006 3.475E-02 —5.858E-02 
— — 1 . 5 ~4.667E-Q2 0.006 3.475E-Q2 5.858E-02 
— 2.0 "4.667E-Q2 “ 0.006 — 3.475E-Q2 5.858E-Q2 
— 2 . 0 — 0.0 “ 7.667E-Q2" 0.006 6.475E-02 — 8.858E-0厂 
— 0 . 5 4.667E-02 “ 0.006 3.475E-02 ~5.858E-Q2 
— 一 1.0 "4.667E-02 “ 0.006 3.475E-02 —5.858E-02 
1.5 5.000E-02 0.006 3.809E-02 “ 6.191E-0 厂 
_ 2.0 4.333E-02 0.006 3.142E-02 ~5.525E-02 
“ 2.5 0.0 - 6.333E-02 0.006 5.142E-02 一 7.525E-0厂 
— 0 . 5 4.667E-02 “ 0.006 3.475E-02 5.858E-Q2 
“ 1.0 "4.333E-02 0.006 3.142E-Q2 ~5.525E-02 
— 1 . 5 3.667E-Q2 _ 0.006 ~ 2.475E-02 4.858E-02 
2.0 3.333E-02 — 0.006 ~ 2.142E-Q2 4.525E-02 
“ 3.0 0.0 _ 2.333E-02 0.006 1.142E-Q2 — 3.525E-0厂 
“ 0.5 2.333E-02— 0.006 1.142E-02 “ 3.525E-0 厂 
“ 1.0 2.667E-02 0.006 1.475E-02 3.858E-0 厂 
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~~ I 1.5 I 2.333E-02 0.006 1.142E-02 3.525E-02 
2.0 “ 3.333E-03 0.006 -8.579E-03 1.525E-02 
3.5 — 0.0 ~1.841E-16 0.006 -1.191E-02 1.191E-02 
— 0.5 —1.444E-16 — 0.006 -1.191E-02 ~1.191E-02 
— — 1 . 0 ~T".510E-16 0.006 -1.191E-02 1.191E-Q2 
1.5 1.589E-16 0.006 -1.191E-02 1.191E-02— 
一 2.0 -1.516E-15 0.006 -1.191E-02 1.191E-02 
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Figure 3.9a Effect of copper and manganese ions on laccase activities. Two m L 
crude enzyme solutions were incubated with different concentrations of copper and 
manganese ions; laccase activities were assayed at 25°C. Each data point represents 
the mean 士 standard deviation of three replicates. One-way A N O V A is done and 
ranking is by Tukey test at 5% probability. 
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Figure 3.9b Effect of copper and manganese ions on manganese peroxidase 
(MnP) activities. Two m L crude enzyme solutions were incubated with different 
concentrations of copper and manganese ions; MnP activities were assayed at 37°C 
respectively. Each data point represents the mean 土 standard deviation of three 
replicates. One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
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Figure 3.9c Effect of copper ions on manganese peroxidase (MnP) activity at 
75^C. Two m L crude enzyme solutions were incubated with different concentrations 
of copper ions and MnP activity was assayed at 75^C. Laccase was totally inactivated 
at 75°C. Each data point represents the mean 土 standard deviation of three replicates. 
One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
107 
• laccase B M n P 
_ 0 . 4 � 
a 
•二 T d. 
a T T 
1 0 . 3 ;，:A ^ ^ 
口 ‘ ‘ 一 、 ！ ！： J 
， 0 . 2 _ ’ H • r 丨:d b k ^ 
^ ^ ， ：‘ , p i ' • B 
^ ^ «•、， ^ … ： … “r ， C 「 1 B 
o .: , , - ^ - _ _ 
a ^ m 厂 ： . - 、‘ 1 d n 
r a , • 资 厂 ， i J 二 ： p - . 
Q Q Mwl -」 I I P•：就」I l^^r I I' * I I 丄 I J I 
0.05 0.55 5.05 50.05 500.05 5000.05 
Final [H2O2] (mM) 
Figure 3.10 Effect of hydrogen peroxide on activities of laccase and manganese 
peroxidase (MnP). One m L crude enzyme solutions (10 mg mL.i) contained 
endogenous 0.05 m M hydrogen peroxide. Laccase and MnP activities were assayed 
at 25°C and 37°C at the presence of 0.4 m M copper (II) and 4.3 m M manganese (II) 
ions respectively. Each data point represents the mean 土 standard deviation of three 
replicates. One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
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Figure 3.11a Effect of malonic acid on maintenance of manganese peroxidase 
(MnP) activity. Crude enzyme solutions were incubated at various concentrations of 
malonic acid; MnP activities were assayed at 37°C at 30 min interval. Each data 
point represents the mean 士 standard deviation of three replicates. Two-way A N O V A 
is done at 95% confidence interval. 
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Two-way ANOVA Table (for Figure 3.13dl) 
Tests of Between-Subjects Effects 
Dependent Variable: Manganese peroxidase activity 
Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 0.207 7.147E-03 257.291 0.000 
— Intercept 0.452 _ 0.452 16281760 0.000  
INCUBATION TIME 0.191 3.816E-02 “ 1373.920 0.000 
• L O N I C ACID CONC. 6.196E-03 1.549E-03 “ 55.760 0.000 
INCUBATION TIME * 1.024E-02 ^ 5 . 1 2 2 E - 0 4 18.440 0.000 
MALONIC ACID CONC.  
— Error — 1.667E-Q3 ~60 2.778E-65~ 一 
— Total 0.661 90 “ 
“ Corrected Total 0.209 89 
a R Squared = 0.992 (Adjusted R Squared = 0.988) 
Estimated Marginal Means 
Dependent Variable: Manganese peroxidase activity 
95% Confidence Interval 
Incubation Malonic acid Mean Std. Error Lower Bound Upper Bound 
time / hour conc. / mM  
— 0 . 0 0.0 一0.127 0.003 0.121 0.133 
一 0.5 —0.123 一0.003 0.117 0.129 
— 1.0 0.123 0.003 0.117 0.129 
一 1.5 —0.127 0.003 0.121 0.133 
2.0 ~~0.123 0.003 0.117 0.129 
0.5 0.0 0.123 0.003 一 0.117 — 0.129 
0.5 — 0.123 - 0.003 — 0.117 0.129 
— 1 . 0 0.127 0.003 0.121 — 0.133 
1.5 0.123 0.003 - 0.117 0.129 — 
— 2.0 — 0.127 ~ 0.003 0.121 — 0.133 
— 1 . 0 0.0 —5.667E-02 0.003 5.058E-02 —6.275E-02 
0.5 “ 0.127 “ 0.003 - 0.121 — 0.133 
- 1.0 9.667E-Q2 0.003 9.Q58E-02 “ 0.103 _ 
1.5 9.Q0QE-02 0.003 8.391 E-02 —9.609E-02 
2.0 —6.333E-02 0.003 — 5.725E-Q2 一6.942E-02 
1.5 — 0.0 4.333E-02 ~~0.003 3.725E-Q2 4.942E-02 
0.5 —8.000E-02 0.003 — 7.391 E-02 —8.609E-02 
— 一 1.0 ~8.Q00E-Q2 ~~Q.QQ3 7.391 E-02 8.609E-Q2 
— — 1 . 5 "T.667E-02 0.003 4.058E-02 5.275E-02 
一 2.0 ~3.333E-02 0.003 — 2.725E-Q2 —3.942E-02 
2.0 0.0 2.667E-Q2 “ 0.003 2.058E-02 3.275E-02 
— 0.5 4.333E-Q2 — 0.003 — 3.725E-Q2 4.942E-02 
— 1 . 0 —4.333E-02 0.003 3.725E-Q2 ~4.942E-Q2 
1.5 —2.333E-02 0.003 1.725E-02 2.942E-02 
— ~~ 2.0 —2.667E-02 0.003 2.058E-Q2 3.275E-02 
— 2 . 5 0.0 1.196E-16" 0.003 -6.Q87E-03 6.087E-03 
— 0.5 1.832E-16 — 0.003 ~~ -6.087E-Q3 —6.087E-03 
— 1.0 ~1.581E-16 0.003 -6.087E-03 ~6.087E-Q3 
— 1.5 8.686E-17 0.003 -6.Q87E-03 “ 6.087E-03~ 
— 2.0 -1.153E-15 0.003 -6.087E-Q3 6.087E-03 
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Figure 3.11b Effect of malonic acid on maintenance of laccase activity. Crude 
enzyme solutions were incubated at various concentrations of malonic acid; MnP 
activities were assayed at 25°C at 30 minute interval. Each data point represents the 
mean 土 standard deviation of three replicates. Two-way A N O V A is done at 95% 
confidence interval. 
Two-way ANOVA Table (for Figure 3.11b) 
Tests of Between-Subjects Effects 
Dependent Variable: Laccase activity 
Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model — 0.178 39 4.554E-Q3 一39.317 0.000 
Intercept _ 0.595 — 1 一 0.595 5136.871 'O.QOO 
INCUBATION TIME “ 0.176 7 2.5Q9E-02 216.566 0.005" 
MALONIC ACID CONC. 3.417E-04 4 8.542E-05 0.737 0.56^ 
INCUBATION TIME * 1.672E-03 ^ 5.970E-05 0^97^ 
MALONIC ACID CONC.  
Error — 9.267E-03 80 1.158E-04~ 
“ Total - 0.782 一 120 一 一 
“ Corrected Total 0.187 | 119 | 
a R Squared = 0.950 (Adjusted R Squared = 0.926) 
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Estimated Marginal Means 
Dependent Variable: Laccase activity 
95% Confidence Interval  
Incubation Malonic acid Mean Std. Error Lower Bound Upper Bound 
Time / hour conc. / mM  
— 0 . 0 一 0.0 0.137 0.006 0.124 0.149 
0.5 一 0 .123 — 0 .006 0 .111 “ 0 .136 — 
1.0 — 0.127 ~ 0.006 “ 0.114 0.139 — 
1.5 “ 0.117 “ 0.006 — 0.104 0.129 
2.0 ~~0.120 ~~0.006 0.108 0.132 
— 0 . 5 — 0.0 — 0.107 - 0.006 9.430E-02 0.119 
~~ 0.5 ~a667E-02 —0.006 8.43QE-02 0.109 
1.0 ~~0.107 0.006 9.43QE-02 0.119 
— 1.5 —0.103 —0.006 9.097E-02 0.116 
2.0 — 9.667E-02~ 0.006 8.430E-Q2 0.109 
— 1 . 0 0.0 9.333E-Q2 ~~0.006 8.Q97E-02 0.106 
0.5 ~a667E-02 ~~0.QQ6 7.430E-02 ~ ^ 3 E - 0 2 
— — 1 . 0 —8.333E-02 — 0.006 7.097E-02 —9.570E-02 
— 1.5 “ 8.667E-02 “ 0.006 “ 7.430E-02 9.9Q3E-Q2 
— ~~ 2.0 9.QQQE-Q2 — 0.006 ~~ 7.763E-Q2 0.102 
— 1 . 5 ~~ 0.0 —8.667E-02 — 0.006 ~~ 7.43QE-02 —9.903E-02 
— 0.5 ~^333E-Q2 —0.006 8.097E-02 0.106 
一 — 1 . 0 8.667E-02 — 0.006 ~~ 7.430E-02 9.903E-02 
~ 1.5 8.333E-02 — 0.006 7.097E-02 —9.570E-02 
2.0 ~^667E-02 0.006 7.430E-Q2 9.903E-02 
2.0 "“ 0.0 7 .667E-02 0.006 6.43QE-02 —8.903E-02 
0.5 7.667E-Q2 0 .006 6 .43QE-02 — 8 . 9 0 3 E - 0 2 
~ ~ 1.0 7 .333E-Q2 — 0.006 — 6.097E-02 8.57QE-Q2 
— 1 . 5 7.00QE-Q2 0.006 — 5.763E-02 —8.237E-02 
2.0 —7.333E-02 0.006 — 6.Q97E-02 ~ 8 . 5 7 Q E - Q 2 
— 2 . 5 — 0.0 —6.333E-02 0.006 ~~ 5.Q97E-02 —7.570E-02 
0.5 6.667E-Q2 0 .006 5 .430E-02 ~ 7 . 9 Q 3 E - 0 2 
— — 1 . 0 5.667E-Q2 0.006 4.430E-02 6.903E-Q2 
~ 1.5 6 .667E-Q2 0.006 5.43QE-02 “ 7.9Q3E-02 _ 
— 2 . 0 6.667E-Q2 0.006 5.430E-Q2 ~ T ^ 3 E - Q 2 
~ 3.0 0.0 2 .333E-Q2 ~~0.006 1.097E-02 3.570E-02 
— 0 . 5 2.667E-02 0.006 1.43QE-02 3.9Q3E-Q2 
— 1 . 0 1.667E-Q2 0 .006 4 .301 E-Q3 2.903E-Q2 
1.5 2.667E-02 0.006 — 1.43QE-Q2 —3.903E-02 
— 2.0 —1.667E-02 0.006 ~~ 4.301 E-03 —2.903E-02 
3.5 0.0 ~2.Q90E-16 “ 0.006 -1.237E-02 —1.237E-02 
0.5 —1.064E-16 0.006 -1.237E-Q2 1.237E-02 
1.0 —3.333E-03 — 0.006 -9.Q32E-Q3 ~1.57QE-02 
1.5 —3.333E-03 0.006 ~~ -9.Q32E-03 —1.570E-02 
— 2.0 -1.514E-15 0.006 -1.237E-Q2 1.237E-02 
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Figure 3.12a Comparison of laccase and manganese peroxidase activities of 
crude enzyme solution before and after optimization. Unoptimized conditions 
were pH 5.5 (ultra-pure water), 25'^ C, without Cu^^, Mn^^ and malonic acid supplies. 
Optimized conditions were pH 3, 45°C, with 0.03 mg (V., 0.24 mg Mn^"" and 0.09 
mg malonic acid supplies per mg enzyme. Each data point represents the mean 士 
standard deviation of three replicates. Independent T-test was done at 5% probability. 
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Figure 3.12b Duration of laccase and manganese peroxidase activities of crude 
enzyme solution under optimized conditions. Laccase and MnP activities were 
assayed at 25°C and 37°C at 30 min interval. Each data point represents the mean 土 
standard deviation of three replicates. One-way A N O V A is done and ranking is by 
Tukey test at 5% probability. 
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3.7 Storage Stability of Crude Enzyme in Powder Form and 
Liquid Form 
The cellulolytic and hemicellulolytic enzymes (P-glucanase, CMCase and xylanase) 
in crude enzyme preparations stored in liquid form under different storage 
temperatures (room temperature, 4。C, -20''C & -70。C) for two months were 
monitored. For p-glucanase, there was no significant difference between storage 
at -20^C and -70°C and the activity only dropped slightly after one month (Figure 
3.13a). However, the storage at 4°C and room temperature would lead to a much 
great drop in enzyme activities, and room temperature storage was always the bad 
choice (Figure 3.13a). Like the case as P-glucanase, -20°C and -l(fC were also the 
best storage temperature for xylanase and CMCase, by which xylanase activity 
remained unchanged up to one and a half month (Figure 3.13c) and CMCase activity 
was stable up to one month (Figure 3.13b). 
The effect of storage temperature on crude enzyme preparations stored in liquid form 
and powder form were compared. In solid form, storage at -70。C could maintain the 
protein content unchanged for two months (Figure 3.13d2) while protein was lost 
under liquid storage at -70^C after six weeks storage (Figure 3.13dl). The change in 
protein of crude enzyme preparation stored in powder form was further monitored up 
to six months. Protein stored at -70°C remained stable up to three months. 
Afterwards protein content dropped slightly and then did not change significantly up 
to six months (Figure 3.13d2). For laccase，like the case of protein, liquid enzyme 
preparation and crude enzyme powder stored at -70"C was always the best choice. 
However, - 70。。with powder form storage could maintain laccase activity up to two 
months while laccase under — 70^C with liquid form storage could only be stable for 
two weeks (Figures 3.13el and 3.13e2). The further investigation of powder storage 
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at -70°C showed that laccase activity dropped continuously up to four months and 
became more or less the same afterwards (up to six months) (Figure 3.13e2). Again, 
like the cases of protein and laccase, crude enzyme preparations, no matter in powder 
or liquid form, stored at -70°C was the best choice for maintaining MnP activities, for 
one month (Figures 3.13fl and 3.13f2). The prolonged monitoring of MnP in crude 
enzyme powder stored at —70。C has revealed that MnP became unstable and lost the 
activity continuously up to three months, and then remained unchanged (up to six 
months) (Figure 3.13f2). 
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Figure 3.13a Changes of P-glucanase activity in crude enzyme preparation 
under liquid storage at different temperatures over two months. Enzyme was 
assayed at 40°C in a reaction mixture with 1.5 % P-Glucan, 0.1 M sodium acetate 
buffer at pH 4.5 for 20 minutes. Each data point represents the mean 士 standard 
deviation of three replicates. Two-way A N O V A is done at 95% confidence interval. 
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Two-way ANOVA Table (for Figure 3.13dl) 
Tests of Between-Subjects Effects 
Dependent Variable: p - g l u c a n a s e activity 
Source Type III Sum of Squares df Mean Square F Sig. 
—Corrected Model 3.200E-03 "T^ 1.684E-Q4 129.526 0.000 
Intercept 4.861 E-Q2 T 4.861 E-02 37378.698 O.OOO" 
STORAGE TIME — 2.444E-03 T " 6.109E-04 469.785 0.000 
STORAGE TEMP. — 5.769E-04 ~3 1.923E-0T~ 147.86T~ 0.000 
STORAGE TIME * 1.798E-04 121.498E-05 11.521 0.000 
STORAGE TEMP.  
— Error — 5.202E-05 T o 1.300£-0^~ ~~ 
~~ Total — 5.186E-02 ~ W “ 
—Cor rec ted Total 3.252E-03 59 
a R Squared = 0.984 (Adjusted R Squared = 0.976) 
Estimated Marginal Means 
Dependent Variable: p - g l u c a n a s e activity 
95% Confidence Interval  
Storage timelStorage temp. I Mean Std. Error Lower Bound Upper Bound 
/week  
— 0 Rm. Temp. —3.833E-02 0.001 ~ 3.700E-02 3.966E-Q2 
4°C 3.833E-02 0.001 3.700E-02 3.966E-02 
— —-20。C 3.833E-Q2 0.001 3.70QE-02 ~3.966E-02 
— -70 °C ~3.833E-Q2 一 0.001 3.7Q0E-Q2 3.966E-02 
— 2 —Rm. Temp. 2.624E-Q2 “ 0.001 2.491 E-02 —2.757E-02 
— 4°C 3.166E-02 “ 0.001 3.033E-Q2 —3.299E-02 
— -20 °C 3.362E-Q2 0.001 3.229E-Q2 3.495E-02 
— — - 7 0 °C 3.442E-02 0.001 3.309E-02 —3.575E-02 
4 —Rm. Temp. 2.224E-02 一 0.001 2.091 E-02 2.357E-02 
4°C 2.66QE-02 0.001 2.526E-Q2 “ 2.793E-Q2 _ 
~ ~ -20 °C 3.4Q6E-Q2 0.001 3.273E-02 —3.539E-02 
~ -70 °C 3.344E-02 - 0.001 3.211 E-02 3.477E-02 
— 6 —Rm. Temp. 1.851 E-02 0.001 1.718E-Q2 1.984E-Q2 
4°C —2.117E-02 0.001 — 1.984E-Q2 2.250E-Q2 
— -20 °C 2.677E-02 0.001 2.544E-02 —2.810E-02 
— -70 °C 2.695E-Q2 0.001 2.562E-Q2 —2.828E-02 
~ 8 —Rm. Temp. 1.460E-Q2 “ 0.001 1.326E-Q2 ~~1.593E-02 
4°C 1.806E-02 0.001 1.673E-02 ~~1.939E-02 
— - 2 0 °C 2.357E-02 0.001 2.224E-Q2 —2.490E-02 
— -70 °C 2.4Q2E-02 0.001 2.269E-02 2.535E-02 
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Figure 3.13b Changes of carboxymethylcellulase (CMCase) activity in crude 
enzyme preparation under liquid storage at different temperatures over two 
months. Enzyme was assayed at 40°C in a reaction mixture with 4 % 
carboxymethylcellulose, 0.1 M sodium acetate buffer at pH 4.5 for 20 minute. Each 
data point represents the mean 士 standard deviation of three replicates. Two-way 
A N O V A is done at 95% confidence interval. 
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Two-way ANOVA Table (for Figure 3.13dl) 
Tests of Between-Subjects Effects 
Dependent Variable: CMCase activity 
— Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 7.545E-04 ~W 3.971 E-05 174.738 0.000 
— Intercept — 5.137E-Q3 "T— 5.137E-03 22602.296 0.000 
STORAGE TIME — 3.588E-Q4 T " 8.97QE-05 394.673 """OOQ^ 
STORAGE TEMP. — 2.345E-04 T " 7.817E-05 — 343.933 0.000 
STORAGE TIME * 1.613E-04 T21.344E-05 S S U ^ O O O ^ 
STORAGE TEMP.  
— Error “ 9.091 E-06 2.273E-07 
— Total 一 5.900E-03 一 
—Cor rec ted Total 7.636E-04 59 
a R Squared = 0.988 (Adjusted R Squared = 0.982) 
Estimated Marginal Means 
Dependent Variable: CMCase activity 
95% Confidence Interval 
Storage Storage temp. Mean Std. Error Lower Bound Upper Bound 
time / week  
— 0 —Rm. Temp. — 1.239E-0厂 0.000 1.183E-02 1.294E-02— 
一 4°C 1.239E-Q2 “ 0.000 1.183E-02 1.294E-02 
— - 2 0 °C 1.239E-Q2 “ 0.000 — 1.183E-Q2 "~T.294E-Q2 
~~ -70 1.239E-02 0.000 — 1.183E-02 1.294E-Q2 
— 2 —Rm. Temp. — 9.541 E-Q^ 0.000 8.985E-03 1.010E-02 
4。C 9.867E-03 0.000 9.310E-03 1.042E-02 
-20 OC 1.236E-0 厂 0.000 1.18QE-02 1.292E-02— 
— - 7 0 °C 1.204E-Q2~ 0.000 1.148E-02 1.259E-02 一 
4 —Rm. Temp. 8.375E-0厂 0.000 — 7.819E-Q3 8.932E-03 
4°C 8 .267E-Q30 .000 7.711 E-03 8.823E-03 
— — - 2 0 °C 1.187E-02 “ 0.000 1.132E-Q2 1.243E-Q2 
-70 °C 1.185E-Q2 “ 0.000 1.129E-02 1.240E-02 
— 6 —Rm. Temp. 1.518E-1^ 0.000 -5.563E-Q4 5.563E-04 — 
4°C 8.131 E-03 - 0.000 — 7.575E-Q3 8.688E-03 
— - 2 0 °C 9.812E-Q3 “ 0.000 9.256E-03 1.037E-02 
— -70 °C 9.514E-03 0.000 一 8.958E-Q3 1.007E-Q2 
_ 8 Rm. Temp. -3.469E-18 0.000 -5.563E-04 — 5.563E-04 
4。C 7.101 E-03 “ 0.000 6.545E-03 7.657E-03 
— -20 °C — 8.430E-03~ 0.000 7.873E-03 “ 8.986E-03 
一 -70 °C 8.348E-03 0.000 7.792E-03 8.905E-03 
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Figure 3.13c Changes of xylanase activity in crude enzyme preparation under 
liquid storage at different temperatures over two months. Enzyme was assayed at 
40°C in a reaction mixture with 1.5% xylan, 0.1 M sodium acetate buffer at pH 4.5 
for 20 minutes. Each data point represents the mean 士 standard deviation of three 
replicates. Two-way A N O V A is done at 95% confidence interval. 
121 
Two-way ANOVA Table (for Figure 3.13dl) 
Tests of Between-Subjects Effects 
Dependent Variable: Xylanase activity 
— Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 3.153E-04 ~W 1.660E-05 85.994 0.000 
一 Intercept — 9.888E-04 9.888E-04 5123.3^ 0.000 
STORAGE TIME — 9.2Q6E-Q5 ~4~ 2.3Q2E-05 119.24^ Q.QQQ 
— S T O R A G E TEMP. ~~ 1.755E-Q4 T " 5.851 E-05 303.141 0.000 
STORAGE TIME * 4.776E-05 123.980E-06 20.6230.000 
STORAGE TEMP.  
— Error — 7.720E-Q6 1.93QE-07 
一 Total 1.312E-03 ~W 一 
— C o r r e c t e d Total 3.231 E-Q4 59 | — 
a R Squared = 0.976 (Adjusted R Squared = 0.965) 
Estimated Marginal Means 
Dependent Variable: Xylanase activity 
95% Confidence Interval 
Storage~ Storage temp. Mean Std. Error Lower B o u n d U p p e r Bound 
time / week  
— 0 ~Rm. Temp。 6.275E-Q3 Q.QQQ — 5.762E-Q3 6.787E-03 
— 4°C — 6.275E-Q3 “ Q.QQQ 一 5.762E-03 6.787E-Q3 
— -20 °C 6.275E-Q3 “ 0.000 5.762E-Q3 6.787E-03 
~~ -70 °C 6.275E-03 Q.QQQ 5.762E-03 6.787E-03 
— 2 ~Rm. Temp. 1.640E-03 0.000 1.128E-03 2.153E-03 
4°C — 3.210E-03 0.000 2.697E-03 3.722E-Q3 
— - 2 0 °C 6.054E-03— 0.000 5.542E-03 —6.567E-03 
— - 7 0 °C 6.005E-03 “ 0.000 5.492E-03 6.518E-03 
~ 4 Rm. Temp. 1.027E-03— Q.QQQ 5.148E-04 —1.540E-03 
4°C 2.989E-Q3 0.000 2.476E-Q3 ~~3.5Q2E-Q3 
— - 2 0 °C 5.9Q7E-Q3 0.000 5.394E-03 6.420£-0厂 
— -70 °C 5.760E-Q3 0.000 5.247E-03 ~~6.273E-03 
— 6 "~Rm. Temp. -2.168E-19 0.000 一 -5.126E-04 ~5.126E-04 
4°C 1.518E-Q3~ Q.QQQ 1.Q05E-Q3 "~2.Q30E-Q3 
~ -20°C 5.711 E-03 Q . Q Q Q 5 . 1 9 8 E - Q 3 ~6.223E-03 
— — - 7 0 °C 5.784E-03 Q.QQQ 5.272E-03 ~6.297E-Q3 
8 Rm. Temp. 0.000 — 0.000 -5.126E-04 ~^.126E-Q4 
— 4。C 1.125E-Q3 0.000 6.129E-04 — 1.638E-03— 
— — - 2 0 °C 4.7Q6E-03 0.000 4.193E-03 "^.218E-03 
— -70。C 4.656E-Q3 Q.QQQ 4.144E-Q3 5.169E-03 
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Figure 3.13dl Changes of protein contents in crude enzyme preparation under 
liquid storage at different temperatures over two months. Each data point 
represents the mean 士 standard deviation of three replicates. Two-way A N O V A is 
done at 95% confidence interval. 
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Two-way ANOVA Table (for Figure 3.13dl) 
Tests of Between-Subjects Effects 
Dependent Variable: Protein content 
Source Type HI Sum of Squares df Mean Square F Sig. 
Corrected Model 4.438E-02 "T^ 2.336E-03 68.583 0.000 
Intercept 19.775 1 19.775 580601.565 O.OOif 
STORAGE TIME 2.114E-02 4 5 . 2 8 5 E - 0 3 155.182 0.000 
STORAGE TEMP. 1.113E-02 3 3.709E-03 108.891 0.000 
STORAGE TIME * 1.211E-02 121.010E-03 29.640 0.000 
STORAGE TEMP.  
Error — 1.362E-Q3 "4Q" 3.406E-05— ~~ 
— Total 19.821 
Corrected Total 4.575E-Q2 59 
a R Squared = 0.970 (Adjusted R Squared = 0.956) 
Estimated Marginal Means 
Dependent Variable: Protein content 
95% Confidence Interval — 
Storage time / Storage temp. Mean Std. Error Lower Bound Upper Bound 
week  
0 Rm. Temp. 0.593 0.003 “ 0.587 0.600 
4°C 0.593— 0.003 0.587 0.600 
— -20 °C 0.593 “ 0.003 0.587 0.600 
— -70 °C 0.593— 0.003 0.587 — 0.600 
— 2 Rm. Temp— 0.591 0.003 0.584 ”""“ 0.598 
“ 4°C 0.590 0.003 — 0.583 — 0.597 
-20。C 0 . 5 8 6 0 . 0 0 3 0.580 0.593 
~ -70 °C ~~ 0.586 0.003 ~~ 0.580 0.593 
~~ 4 Rm. Temp. 0.570 0.003 “ 0.564 0.577 
4°C 0.579 0.003 — 0.572 — 0.586 
-20 °C 0.595— 0.003 — 0.589 — 0.602 
-70 °C — 0.595 0.003 ~~ 0.589 0.602 
6 “ Rm. Temp. 0.534 0.003 0.527 0.540 — 
~ 4。C 0.527 0.003 一 0.520 — 0.533 
— -20 °C 0.585 0.003 0.579 一0.592 
-70 °C 0.586— 0.003 0.579 0.593 
— 8 Rm. Temp. 0.507 0.003 0.501 0.514 — 
4°C 0.520 “ 0.003 “ 0.514 0.527 
-20 °C 0.578— 0.003 — 0.571 0.585 
一 -70 °C 0.577 0.003 0.571 0.584 
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Figure 3.13d2 Changes of protein content in crude enzyme preparation under 
powder storage at different temperatures over six months. Each data point 
represents the mean 土 standard deviation of three replicates. Two-way A N O V A is 
done at 95% confidence interval. 
125 
Two-way ANOVA Table (for Figure 3.13dl) 
Tests ofBetween-Subjects Effects 
Dependent Variable: Protein content 
一 Source | Type III Sum of Squares | df | Mean Square | F Sig. 
Corrected Model “ 4.494 0.166 95.364 0.000 
一 Intercept 一 202.319 "T~ 202.319 115922.777" 0.000 
STORAGE TIME 2.501 ~6~ 0.417 238.8450.000 
—STORAGE TEMP. — 1.519 3 0.506 290.126~~ 0.000 
STORAGE TIME* 0.474 1 8 2 . 6 3 1 E-02 15.077 0.000 
STORAGE TEMP.  
Errof 9.774E-02 1.745E-03 “ 
— Total 206.910 84 — 
Corrected Total 4.592 83 
a R Squared = 0.979 (Adjusted R Squared = 0.968) 
Estimated Marginal Means 
Dependent Variable: Protein content 
95% Confidence Interval 
Storage time / Storage t e m p . M e a n ~ Std. Error Lower Bound Upper Bound 
month  
— 0 Rm. T e m p . 1 . 9 1 4 0.024 1.865 1.962 
4°C 1.914— 0.024 — 1.865 1.962 
— “ -20 °C — 1.914 0.024 “ 1.865 1.962 
-70 °C 1.914— 0.024 1.865 ~~ 1.962 
1 Rm. Temp. 1.448— 0.024 1.399 — 1.496 
— 4°C 1.491 0.024~~ 1.443 “ 1.540 一 
— -20 °C 1.496 0.024 1.447 1.544 — 
-70 °C 1.877 0.024 1.829 1.926 一 
2 “ Rm. Temp. 1.451 0.024 1.402 ~~ 1.499 
4°C 1.504 0.024 1.456 1.552 “ 
“ -20 °C 1.534 0.024 一 1.486 1.583 
~ -70 °C 1.881 0.024 1.833 1.930 
— 3 Rm. Temp. 1.415 0.024 1.367 1.464 — 
— “ 4。C 1.486 0.024 — 1.438 — 1.535 
— “ -20 °C 1.465— 0.024 — 1.417 1.514 
“ -70 °C 1.875 0.024 1.827 — 1.923 
4 Rm. T e m p " 1 . 3 9 1 0.024 — 1.343 1.439 
— 4°C 1.414 0.024~ 1.365 1.462 
— ‘ -20。C 1.475— 0.024 1.426 1.523 
-70 "C 1.664 0.024 1.616 “ 1.712 — 
5 Rm. Temp. 1.258 0.024 — 1.209 — 1.306 
— 4°C 1.246— 0.024 一 1.198 — 1.294 
— -20 °C 1.477— 0.024 ~ 1.429 — 1.526 
“ -70 °C 1.611— 0.024 1.562 ~~ 1.659 
6 — Rm. Temp. 1.098 0.024 1.049 1.146 ~~ 
— “ 4。C 1.196 0.024 — 1.148 1.244 
— -20 °C 1.464 0.024 1.415 1.512 — 
-70 "C 1.583 0.024 1535 1.631 
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Figure 3.13el Changes of laccase activities in crude enzyme preparation under 
liquid storage at different temperatures over two months. Enzyme was assayed at 
25°C in a reaction mixture with 1 m M ABTS and 100 m M succinic-lactic acid buffer 
at pH 4.5. Each data point represents the mean 士 standard deviation of three 
replicates. Two-way A N O V A is done at 95% confidence interval. 
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Two-way ANOVA Table (for Figure 3.13dl) 
Tests of Between-Subjects Effects 
Dependent Variable: Laccase activity 
— Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 70.243 i 3.697 186.404 0.000 
Intercept 442.273 " T ~ 442.273 22299.504 O.OOO" 
STORAGE TIME 34.191 1 8.548 430.975 0.000 
STORAGE TEMP. 23.359 j 7.786 一 392.59T~ 0.000 
STORAGE TIME * 1 2 ^ 12 1.058 53 .3330 .000 
STORAGE TEMP.  
— Error — .793 ' W 1.983E-02 — 
— Total ~~ 513.310 ' W — 
一 Corrected Total 71.037 59 
a R Squared = 0.989 (Adjusted R Squared = 0.984) 
Estimated Marginal Means 
Dependent Variable: Laccase activity 
95% Confidence Interval 
Storage temp. /I Storage temp. Mean Std. Error Lower Bound Upper Bound 
week  
— 0 Rm. Temp. 3.633~~ 0.081 3.469 3.798 — 
— 4°C 3.633 — 0.081 — 3.469 3.798 
-20 °C ~~ 3.633 ~ 0.081 3.469 — 3.798 
~ “ -70 °C — 3.633 0.081 — 3.469 3.798 
— 2 Rm. TemtT" 2.733 ~ 0.081 2.569 — 2.898 
“ 4°C 3.567 0.081 3.402 3.731 
— “ -20 °C 3.600 0.081 — 3.436 3.764 
-70 °C 3.633— 0.081 — 3.469 3.798 
— 4 Rm. T e m ^ 1.867 0.081 ~~ 1.702 2.031 
— — 4°C 3 . 0 3 3 0 . 0 8 1 2.869 “ 3.198 ~~ 
“ -20。C 3.267 0.081 一 3.102 — 3.431 
-70。C 3.300— 0.081 — 3.136 — 3.464 
6 Rm. Temp. .367 0.081 0.202 “ 0.531 — 
“ 4°C 1.667 0.081 — 1.502 — 1.831 
— -20 °C 2.733 0.081 2.569 2.898 ~~ 
— -70 °C 3.067 0.081 2.902 3.231 ~~  
8 “ Rm. T e m ^ .133 0.081 — -3.10QE-02 — 0.298 
— — 4°C 1.067 0.081 0.902 “ 1.231 ~~ 
-20 °C ~~ 2.700 0.081 — 2.536 — 2.864 
— I -70 °C 3.033 0.081 2.869 3.198 
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Figure 3.13e2 Changes of laccase activity in crude enzyme preparation under 
powder storage at different temperatures over six months. Enzyme was assayed 
at 25°C in a reaction mixture with 1 m M ABTS and 100 m M succinic-lactic acid 
buffer at pH 4.5. Each data point represents the mean 土 standard deviation of three 
replicates. Two-way A N O V A is done at 95% confidence interval. 
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Two-way ANOVA Table (for Figure 3.13dl) 
Tests of Between-Subjects Effects 
Dependent Variable: Laccase activity 
Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 12.932 0.479 223.523 0.000 
Intercept 23.048 ~ T " 23.048 10755.556 Q.OOO" 
STORAGE TIME 8.716 ~ 6 1 . 4 5 3 “ 677.889 0.000 
~~STORAGE TEMP. — 2.872 T " 0.957 — 446.815 0.000 
STORAGE TIME * 1.344 Ts7.468E-02 34 .8520 .000 
STORAGE TEMP.  
— Error — .120 2.143E-0 厂 
— Total — 36.100 
一 Corrected Total 13.052 83 
a R Squared = 0.991 (Adjusted R Squared = 0.986) 
Estimated Marginal Means 
Dependent Variable: Laccase activity 
95% Confidence Interval 
Storage time / Storage temp. Mean Std. Error Lower Bound Upper Bound 
month  
Q “ Rm. Temp. 1.033 0.027 0.980 — 1.087 
4°C 1.033 0.027 0.980 1.087 
~~ “ -20 °C 1.033 0.027 — 0.980 1.087 
— -70 °C ~~ 1.033 0.027 0.980 — 1.087 
~~ 1 Rm. Temp.— 0.267 0.027 0.213 0.320 
4°C 0.800 0.027 0.746 0.854 
- -20�C — 1.133 0.027 1.080 — 1.187 
-70 °C 一 1.167 0.027 1.113 — 1.220 
— 2 Rm. Temp. 0.267 0.027 0.213 0.320 
“ 4°C 0.600 0.027 0.546 — 0.654 
-20 °C 0.933 0.027 0.880 “ 0.987 _ 
— -70 °C 1.133 0.027 1.080 — 1.187 
3 Rm. Temp. 0.200 0.027 0.146 — 0.254 
— - 4°C 0.267 0.027 0.213 — 0.320 
— - -20 °C — 0.533 0.027 0.480 0.587 
— -70 °C 0.833 0.027 0.780 0.887 
4 Rm. T e m ^ 1.0Q0E-Q1 0.027 4.646E-Q2 — 0.154 
“ 4。C 0.167 0.027 0.113 — 0.220 
— -20 °C 0.333 0.027 0.280 0.387 
— -70 °C 0.367 0.027 0.313 0.420 
— 5 Rm. Temp. -6.939E-17 0.027 -5.354E-02 —5.354E-02 
4。C 0.100 0.027 4.646E-Q2 “ 0.154 “ 
— -20 °C 0.300 0.027 0.246 0.354 
— -70 °C 0.367 0.027 0.313 — 0.420 
6 Rm. Temp. -3.331 E-16 0.027 -5.354E-02 5.354E-Q2 
— - 4°C lOOQE-"^ 0.027 4.646E-Q2 0.154 
— -20 °C — 0.267 0.027 0.213 — 0.320 
-70 °C 0.300 0.027 0.246 0.354 
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Figure 3.13fl Changes of manganese peroxidase (MnP) activities in crude 
enzyme preparation under liquid storage at different temperatures over two 
months. Enzyme was assayed at 37°C in a reaction mixture with 0.07 m M MBTH, 
0.99 m M D M A B , 0.3 m M MnSCU, 0.05 m M H2O2, and 100 m M succinic-lactic acid 
buffer at pH 4.5. Each data point represents the mean 士 standard deviation of three 
replicates. Two-way A N O V A is done at 95% confidence interval. 
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Two-way ANOVA Table (for Figure 3.13dl) 
Tests of Between-Subjects Effects 
Dependent Variable: Manganese peroxidase activity 
一 Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 7.961 0.419 132.310 0.000 
— Intercept 53.393 ~T~ 53.393 16860.842 0.005"  
STORAGE TIME ~~ 3.312 ~4 0.828 — 261.50^ 0.000 
~~STORAGE TEMP. 3.579 ~ 3 1 . 1 9 3 376.772 0.000 
^ S T O R A G E TIME* 1.069 128.908E-02 28 .1320 .000 
STORAGE TEMP.  
— Error 0.127 3.167E-03 “ 
— Total 61.480 60 
—Co r r ec t ed Total 8.087 I 59 | 
a R Squared = 0.984 (Adjusted R Squared = 0.977) 
Estimated Marginal Means 
Dependent Variable: Manganese peroxidase activity 
95% Confidence Interval 
Storage time / Storage temp. Mean Std. E r r o r Lowe r Bound Upper Bound 
week  
0 Rm. Temp. 1.300 0.032 1.234 — 1.366 
— 4°C 1.300 0.032 1.234 — 1.366 
— -20 °C 1.300 0.032— 1.234 1.366 
-70 °C 1.300 0.032 1.234 1.366 
— 2 Rm. Temp. 0.533 0.032 0.468 0.599 
— 4°C 1.167~~ 0.032 1.101 1.232 
— -20 °C 1.233 0.032 1.168 1.299 
— — -70 °C 1.300 0.032 1.234 — 1.366 
— 4 — Rm. Temp. 0.400 0.032 0.334 一 0.466 
— 4°C 1 . 0 3 3 0 . 0 3 2 0.968 1.099 
-20 °C ~ 1 1 6 7 0.032 1.101 1.232 
— -70 °C 1.267 0.032~~ 1.201 1.332 
— 6 Rm. Temp. —0.300 0.032 0.234 0.366 
— 4°C 0.700 0.032 0.634 — 0.766 
— -20 °C 1.000 ~~0.032 0.934 1.066 — 
— -70 "C 1.100 0.032 1.034 1.166 
~ 8 一 Rm. Temp. 0.200 0.032 — 0.134 0.266 
— 4°C 0.567 0.032 0.501 0.632 
— — -20 °C —0.700 —0.032 ~~ 0.634 0.766 — 
-70 1 1.000 0.032 0.934 1.066 
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Figure 3.13f2 Changes of manganese peroxidase (MnP) activity in crude enzyme 
preparation under powder storage at different temperatures over six months. 
Enzyme was assayed at 37°C in a reaction mixture with 0.07 m M MBTH, 0.99 m M 
D M A B , 0.3 m M MnSCU, 0.05 m M H2O2, and 100 m M succinic-lactic acid buffer at 
pH 4.5. Each data point represents the mean 土 standard deviation of three replicates. 
Two-way A N O V A is done at 95% confidence interval. 
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Two-way ANOVA Table (for Figure 3.13dl) 
Tests of Between-Subjects Effects 
Dependent Variable: Manganese peroxidase activity 
Source Type III Sum of Squares df Mean Square F S i 厂 
Corrected Model 3.302E-Q2 17.3：^ 0.000 
— Intercept 3.202 " T " 3.202 1681.000 Q.OQO 
STORAGE TIME — 0.595 6 9.913E-02 — 52.042 0.000 
— S T O R A G E TEMP. — 0.210 3 6.984E-02 — 36.667 0.000 
STORAGE TIME * 8.714E-02 1 8 4 . 8 4 1 E-03 2 . 5420 . 004 
STORAGE TEMP.  
Error — 0.107 56 1.905E-03 — 
— Total — 4.200 i —  
“ Corrected Total 0.998 83 
a R Squared = 0.893 (Adjusted R Squared = 0.842) 
Estimated Marginal Means 
Dependent Variable: Manganese peroxidase activity 
95% Confidence Interval 
Storage time / Storage temp. Mean Std. Error Lower BoundUppe r Bound 
month  
0 “ Rm. Temp. “ 0.367 0.025 — 0.316 0.417 
— 4°C 0.367 0.025 0.316 0.417 
“ -20。C 0.367 0.025 — 0.316 0.417 
“ -70 °C - 0.367 0.025 — 0.316 0.417 
— 1 “ Rm. Temp. 0.133 ~ 0.025 8.286E-02 0.184 
— 4°C 0.200 0.025 0.150 — 0.250 
~~ -20 °C — 0.300 0.025 0.250 0.350 
-70 °C — 0.400 0.025 0.350 0.450 
2 Rm. Temp— 0.100 0.025 4.952E-02 — 0.150 
— 4°C 0.200 0.025 0.150 0.250 
~~ -20 °C 0.200 ~ 0.025 0.150 0.250 
— -70 0.300 — 0.025 0.250 0.350 
3 Rm. Temp— 0.100 0.025 4.952E-02 — 0.150 
— 4。C 0.167 0.025 0.116 — 0.217 
~~ -20 °C 0.200 0.025 — 0.150 0.250 
— “ -70 °C 0.200 0.025 0.150 0.250 
— 4 Rm. Temp— 6.667E-02 0.025 1.619E-Q2 — 0.117 
4°C 0.133 0.025 8.286E-02~ 0.184 
— -20。C 0.167 0.025 0.116 — 0.217 
— -70 °C 0.200 0.025 0.150 0.250 
— 5 Rm. Temp. 3.333E-02 0.025 -1.714E-02 8.381 E-Q2 
“ 4°C 0.133 0.025 8.286E-02 0.184 
— -20。C 一 0.167 0.025 0.116 — 0.217 
-70 °C 0.167 0.025 0.116 — 0.217 — 
— 6 Rm. Temp. 3.333E-0^ 0.025 -1.714E-Q2 1 . 3 8 1 E-02 
— ‘ 4°C 0.100 0.025 4.952E-Q2 0.150 
~ -20。C — 0.167 0.025 0.116 0.217 
一 I -70。C 0.133 0.025 8.286E-Q2 0.184 
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3.8 Studies on the Degradation Ability of Crude Enzyme towards 
Organopollutants 
3.8.1 Degradation of naphthalene (NAP) by crude enzyme solution 
Naphthalene was successfully degraded by crude enzyme solution. The removal 
efficiency and removal capacity are shown in Figure 3.14a. Complete removal of 0.5 
mg L'l naphthalene were noticed and the removal efficiency dropped to 20+1% when 
the pollutant concentration increased up to 50 mg !/、The maximum removal 
capacity (RC) determined was 23.3±1.0 nmoles naphthalene removed per U (total 
ligninolytic enzyme activity), and became saturated when initial naphthalene 
concentration for treatment was up to 10 mg L"^ The addition of ABTS into crude 
enzyme solution generally can increase the removal efficiency and 20 mg ABTS 
addition increased the removal efficiency from 47土0 o/o to 53±1 o/o (Figure 3.14b). 
The degradation of naphthalene (10 mg L"^ ) was almost completed (89+0%) after 
incubation with crude enzyme solution for one hour. The further incubation could 
only increase removal efficiency slightly and finally reached a maximum of 95+0 % 
removal after 12 hour incubation (Figure 3.14c). Microtox® test has revealed that the 
naphthalene solution became less toxic after enzymatic treatment (5 min IC50 
increased from 0.84% to 1.67%) (Table 3.3). The chromatograms of naphthalene 
before and after treatment are shown in Figure 3.14d and the possible breakdown 
products are listed too. 
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Figure 3.14a Effect of naphthalene concentration on degradation ability of 
crude enzyme solution. Two m L crude enzyme solution under optimized conditions 
was incubated with different concentrations of naphthalene for one day at 100 rpm. 
Each data point represents the mean 士 standard deviation of three replicates. 
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Figure 3.14b Effect of ABTS on naphthalene degradation by crude enzyme 
solution. Two m L crude enzyme solution under optimized conditions, with different 
amounts of ABTS added, was incubated with 20 mg L'^  naphthalene for one day at 
100 rpm. Each data point represents the mean 士 standard deviation of three replicates。 
One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
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Figure 3.14c Effect of incubation time on naphthalene degradation by crude 
enzyme solution. Two m L crude enzyme solution under optimized conditions, 
together with 10 mg ABTS added, was incubated with 10 mg L"^  naphthalene at 100 
rpm for different times. Each data point represents the mean 土 standard deviation of 
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Figure 3.14d Chromatograms of naphthalene without (a) and with (b) 
enzymatic treatment. 
Possible Breakdown Products : 
] : z \ � \ OH 2-methyl-l-peiitanol (C6H14O ； R.T. 13.080) 
HO A , 3-Hexene-2,5-diol $$ Hex-3-eiie-2,5-diol 
2 : 、Y \ 
(C6H12O2 ； R.T. 13.150) 
oZ i j 
「戶） Benzenemethanol, 3,4,5-trimethoxy-
3 : 。：；社。(C10H14O4 ； R.T. 13.500) 
> I 
4 ： • � z |,人、。2,3-Octanedione (C8H14O2 ； R.T. 15.050) 
I 
0 
5 ： 、人人/k 2,4,6,8-tetramethyl-l-undecene (C15H30 ； R.T. 15.660) 
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6 ： 丫 八 6-Undecanone (C11H22O ； R.T. 16.167) 
6 
7 ：所一〜〜八〜..、Octadecane, l-(ethenyloxyl)- $$ Ether, 
octadecyl vinyl $$ Octadecyl (C20H40O ； R.T. 18.580) 
\ . 
8 . 1 1,2-Beiizenedicarboxylie acid, butyl octyl ester 
(C20H30O4 ； R.T. 19.750) 
ij • \八八八/\八-,、、、八八/ 
？oiNonadecanol (C19H40O ； R.T. 21.233) 
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3.8.2 Degradation of phenanthrene (PHE) by crude enzyme solution 
The removal efficiency and removal capacity of crude enzyme solution towards 
phenanthrene are illustrated in Figure 3.15a. The removal efficiency of enzyme 
cocktail towards phenanthrene greatly decreased from 88土P/o to 6±lo/o when the 
phenanthrene concentration increased from 0.1 to 20 mg L"^ On the other hand, the 
removal capacity of crude enzyme solution towards phenanthrene increased from 
1.2+0.0 nmoles per U to a maximum of 9.8±0.1 nmoles per U when the pollutant 
concentration increased from 0.1 to 10 mg L'^ Phenanthrene concentration, up to 20 
mg/L, would lower the removal capacity of the enzyme cocktail. In contrast to 
naphthalene, ABTS addition could not enhance phenanthrene removal by crude 
enzyme solution. Instead ABTS addition would generally lower the removal 
efficiency, and up to 6% reduction in case of 20 mg ABTS added (Figure 3.15b). 
Figure 3.15c shows the effect of incubation time on degrading phenanthrene by crude 
enzyme solution. After 1 hour incubation, 41 土 1 o/o of 10 mg L"^  phenanthrene were 
removed, and then the removal rate slowed down and reached the saturated removal 
efficiency of 48土0 o/o after 12 hour incubation. The 5 min IC50 of phenanthrene 
solution increased from 1.97% to 4.34% after ligninolytic enzyme degradation i.e. 
the toxicity of phenanthrene was lowered after treatment by crude enzyme solution 
(Table 3.3). By comparing the chromatograms of phenanthrene with and without 
enzymatic treatment (Figure 3.15d), some possible breakdown products were found. 
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Figure 3.15a Effect of phenanthrene concentration on degradation ability of 
crude enzyme solution. Two m L crude enzyme solution under optimized conditions 
was incubated with different concentrations of phenanthrene for one day at 100 rpm. 
Each data point represents the mean 士 standard deviation of three replicates. 
One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
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Figure 3.15b Effect of ABTS on phenanthrene degradation by crude enzyme 
solution. Two m L crude enzyme solution under optimized conditions, with different 
amounts of ABTS added, was incubated with 10 mg L'^  phenanthrene for one day at 
100 rpm. Each data point represents the mean 士 standard deviation of three replicates. 
One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
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Figure 3.15c Effect of incubation time on phenanthrene degradation by crude 
enzyme solution. Two m L crude enzyme solution under optimized conditions was 
incubated with 10 mg L'^  phenanthrene at 100 rpm for different times. Each data 
point represents the mean 土 standard deviation of three replicates. One-way A N O V A 
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Figure 3.15d Chromatograms of Phenanthrene Without (a) and With(b) 
Enzymatic Treatment. 
Possible Breakdown Products : 
Z八 
\ � 7-Oxabicyclo 4.1.0 heptane, l-methyl-4-(2-methyloxiranyl)-
1 : \ / � \ 少 ( C 1 0 H 1 6 O 2 ； R.T. 13.080) 
, , 3-Hexene-2,5-diol $$ Hex-3-ene-2,5-diol 
HO ,、、z 
2： Y OH (C6H12O2 ； R.T. 13.160) 
oZ 
飞• 。丫1 ,2 ,3 ,4 -Tetramethoxybenzene (C10H14O4 ； R.T. 13.480) 




^ 3-Acetonylcyclopentanone(C8Hi202 ； R.T. (13.830) 
斗•• \ / o 
s ^ ^ 
\ �. . . . . . . . . . � 
5 : / , � 0 2,3-Octanedione (C8H14O2 ； R.T. 15.050) 
6 
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6 ： \ z 丫 �l - N o n e n e , 4,6,8-trimethyl- (C12H24 ； R.T. 20.880) 
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3.8.3 Degradation of pentachlorophenol (PCP) by crude enzyme solution 
When PCP concentration for treatment increased from 4 to 64 mg L'\ 
pentachlorophenol removal decreased from 69+5% to 10+2% (Figure 3.16a). The 
removal capacity (RC) reached a peak when 32 mg l/ PCP was added to the crude 
enzymatic treatment system，with 3.8±0.1 nmoles PCP removed per U. The further 
addition of PCP (64 mg L"^ ) would lead to a drop in R C (Figure 3.16a). Great 
enhancement effect on PCP removal was observed by adding ABTS to the crude 
enzyme solution. Exogenous 20 mg ABTS raised the degradation of 32 mg L'^  PCP 
from 46±1 o/o to 67±1 o/o (Figure 3.16b). Incubation time could greatly affect the 
degradation of PCP by enzyme cocktail because only about half of the maximum 
removal efficiency (32+2 %) was attained during the first hour incubation, while the 
removal efficiency increased greatly to 60±1 o/o removal after six hour enzymatic 
treatment and finally reached a maximum of 66+1 % removal after 12 hour 
incubation (Figure 3.16c). Reduced toxicities of PCP solution were detected after 
treatment by enzyme cocktail (Table 3.3) and the 5 min IC50 increased from 0.25% to 
1.340/0. Possible breakdown products of PCP after enzymatic treatment, by 
subtracting the chromatograms of PCP with and without treatment were detected and 
their structures were illustrated in Figure 3.16d. 
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Figure 3.16a Effect of pentachlorophenol concentration on degradation ability 
of crude enzyme solution. Two m L crude enzyme solution under optimized 
conditions was incubated with different concentrations of pentachlorophenol for one 
day at 100 rpm. Each data point represents the mean 士 standard deviation of three 
replicates. One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
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Figure 3.16b Effect of ABTS on pentachlorophenol degradation by crude 
enzyme solution. Two m L crude enzyme solution under optimized conditions, with 
different amounts of ABTS added, was incubated with 32 mg L'^  pentachlorophenol 
for one day at 100 rpm. Each data point represents the mean 土 standard deviation of 
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Figure 3.16c Effect of incubation time on pentachlorophenol degradation by 
crude enzyme solution. Two m L crude enzyme solution under optimized conditions, 
together with 20 mg ABTS added, was incubated with 32 mg L] pentachlorophenol 
at 100 rpm for different times. Each data point represents the mean 土 standard 
deviation of three replicates. One-way A N O V A is done and ranking is by Tukey test 
at 5% probability. 
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Figure 3.16d Chromatograms of PCP Without(a) and With(b) Enzymatic 
Treatment. 
Possible Breakdown Products : 
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： o又〕 (C12H22O2 ； R.T. 8.760) 
3 . 八 , � • / / � , / 4-Hexadecanol (C16H34O ； R.T. 8.880) 
‘ OH 
4 ： ( V �八 八 八 八 八 、 〜 �z 11,14-Eicosadieiioic acid, methyl ester 
0 (C21H38O2 ； R.T. 15.800) 
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3.8.4 Degradation of 4，4，-DDT by crude enzyme solution 
The removal of D D T of 1 to 40 mg L'^  by crude enzyme solution was monitored and 
the removal efficiency for 1 mg L"^  D D T was 61 ±2% while that for 40 mg L"^  D D T 
was 33+3% (Figure 3.17a). One U of crude enzyme can maximally remove 12.5土0.2 
nmoles D D T when 20 mg L"^  D D T was allowed for treatment. Like the case of PCP, 
excess pollutant e.g. 40 mg L"^  D D T addition would lower the removal capacity 
attained (Figure 3.17a). ABTS could also enhance the D D T (20 mg L'^ ) degradation 
by enzyme cocktail, of which 20 mg ABTS increased the removal efficiency from 
49土 1 % to 56+0 % (Figure 3.17b). Only about half of the maximum removal 
efficiency (26+1 %) for 20 mg L"^  D D T was attained during the first hour incubation, 
while 43土 1 o/o removal and a maximum of 56+2 % were reached within three hours 
and six hours of enzymatic treatment respectively (Figure 3.17c). Increased IC50 of 
D D T solution (5 min IC50 increased from 0.51% to 1.83%) after treatment indicated 
that the toxicity was reduced (Table 3.3) and Figure 3.17d shows the chromatograms 
of D D T before and after enzymatic treatment, together with possible breakdown 
products. 
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Figure 3.17a Effect of DDT concentration on degradation ability of crude 
enzyme solution. Two m L crude enzyme solution under optimized conditions was 
incubated with different concentrations of D D T for one day at 100 rpm. Each data 
point represents the mean 士 standard deviation of three replicates. One-way A N O V A 
is done and ranking is by Tukey test at 5% probability. 
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Figure 3.17b Effect of ABTS on DDT degradation by crude enzyme solution. 
Two m L crude enzyme solution under optimized conditions, with different amounts 
of ABTS added, was incubated with 20 mg L"^  D D T for one day at 100 rpm. Each 
data point represents the mean 士 standard deviation of three replicates. One-way 
A N O V A is done and ranking is by Tukey test at 5% probability. 
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Figure 3.17c Effect of incubation time on DDT degradation by crude enzyme 
solution. Two mL crude enzyme solution under optimized conditions, together with 
20 mg ABTS added, was incubated with 20 mg L'^  DDT at 100 rpm for different 
times�Each data point represents the mean 土 standard deviation of three replicates. 
One-way ANOVA is done and ranking is by Tukey test at 5% probability. 
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Figure 3.17d Chromatograms of DDT Without (a) and With (b) Enzymatic 
Treatment. 
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1 5 6 
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3.8.5 Degradation of Indigo carmine by crude enzyme solution 
The decolorization ability of crude enzyme solution towards Indigo carmine was 
detected (Figure 3.18a). Maximum removal of Indigo carmine was achieved when 
initial dye concentration for treatment was up to 268 |Limoles, i.e. the removal 
efficiency and removal capacity were up to 53+1% and 19.63+0.25 famoles Indigo 
carmine removed per U, respectively. Further addition of dye would decrease the 
removal efficiency and removal capacity attained. Figure 3.18b shows the effect of 
ABTS addition on Indigo carmine removal by crude enzyme solution. When 5 mg 
ABTS was added, the removal of Indigo carmine was enhanced from 45±0 % to 
79土 1 o/o. The removal of Indigo carmine would increase from 40+1 % to a maximum 
of 53±0 % when the incubation time prolonged from 1 hour to 12 hours (Figure 
3.18c). As revealed by Microtox®test, the dye solution after enzymatic treatment 
became less toxic since the 5 min IC50 increased from 0.22% to 1.76%. (Table 3.3). 
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Figure 3.18a Effect of Indigo carmine concentration on degradation ability of 
crude enzyme solution. Crude enzyme solution under optimized conditions was 
dissolved in 10 m L Indigo carmine of different concentrations for one day at 200 rpm. 
Each data point represents the mean 土 standard deviation of three replicates. 
One-way A N O V A is done and ranking is by Tukey test at 5% probability. 
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Figure 3.18b Effect of ABTS on Indigo carmine degradation by crude enzyme 
solution. Crude enzyme solution under optimized conditions was added with 
different amounts of ABTS and dissolved in 10 m L 268 jimoles Indigo carmine for 
one day at 200 rpm. Each data point represents the mean 士 standard deviation of 
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Figure 3.18c Effect of incubation time on Indigo carmine degradation by crude 
enzyme solution. Crude enzyme solution under optimized conditions was dissolved 
in 10 m L Indigo carmine of 268 |Limoles at 200 rpm for different times. Each data 
point represents the mean 土 standard deviation of three replicates. One-way A N O V A 






















































































































































































































































































































































































































































































































































































































































4.1 The Best SMC for Enzyme Preparation 
Enzyme cocktails prepared from different spent mushroom composts are in crude 
form without further purification and contain more than one type of enzymes (Table 
4.1). Lignin-degrading enzymes (laccase and manganese peroxidase), 
xylan-degrading enzyme (xylanase) and cellulose-degrading enzyme (P-glucanase 
and carboxymethylcellulase) are the components of crude proteins in compost 
extracts. Ball & Jackson (1995) and Trejo-Hernandez et al. (2001) successfully 
recovered these lignocellulose-degrading enzymes from S M C of Agaricus bisporus. 
Among these enzymes, ligninolytic enzymes are of particular interest because my 
project aims to recover enzymes that can degrade persistent organic pollutants such 
as polycyclic aromatic hydrocarbons, chlorinated aromatic compounds and synthetic 
dyes. Laccase and MnP are well-known for their abilities in oxidizing and 
mineralizing these compounds (Heinzkill & Messner, 1997; Hofrichter et al, 1999; 
Duran & Esposito, 2000; Gianfreda & Bollag, 2002; Tanyolac & Aktas，2003). Fresh 
straw SMC of P. pulmonarius immobilized laccase (3.64 土 0.45 |liM cation radical 
formed min"^ ) and MnP (1.22 土 0.07 jiiM indamine dye product formed min"^ ) is 
chosen as the best S M C that can give the highest total ligninolytic enzyme activities 
(laccase plus MnP). Camarero et al. (1996) also found that P. pulmonarius produced 
extracellular enzymes laccase and manganese peroxidase. The presence of MnP and 
laccase, but no lignin peroxidase - another well-known lignin-degrading enzyme 
agreed with the findings obtained by other researchers that MnP-laccase combination 
is the most common group of enzymes in the white rot fungi (Pelaez et al, 1995; 
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Nemd & Misurcova, 1996). In addition to Pleurotus SMC, G. lucidum compost 
allowed extraction of the second-best total ligninolytic enzyme activities because its 
enzyme cocktail contained the highest activity of MnP (1.86 土 0.07 |iM indamine 
dye product formed min"^) and the second-best laccase activity (1.75 土 0.07 jiiM 
cation radical formed min]). The age of S M C would be another factor affecting the 
feasibility of acting as enzyme source since all enzyme activities in Pleurotus S M C 
decreased with increasing age of compost. This suggests that fresh S M C is the best 
source for ligninolytic enzyme extraction. Table 4.2 shows the specific laccase and 
MnP activities in crude enzyme preparation in this study and the positive results 
suggest S M C has a potential of being a source of ligninolytic enzymes for 
commercial or real application. However, we cannot compare the specific activities 
of our enzymes to commercial enzymes because enzyme assay methods and 
conditions used by commercial companies are different from that adopted by us, and 
a crude enzyme without purification will have a lower specific activity than purified 
enzyme, even though they have the same amount of enzyme units. 
The presence of other protein may affect the purity and stability of target enzymes 
(Kulys et al., 2003). More proteins were found in compost extracts of P. pulmonarius 
than G. lucidum and/or G. tsugae. Purification of crude enzyme preparation may not 
be necessary because most commercial enzymes are also in high purity form with 1 —-
30% of actual enzyme. Other ingredients include: inactive protein, stabilizers, 
preservatives, buffer salts, diluents or carbohydrates (Mathewson, 1998; Chaplin, 
2002). Apart from acting as a source of ligninolytic enzyme, fresh Pleurotus SMC is 
also good in providing p-glucanase (0.039 土 0.001 i^ moles glucose formed min]), 
while compost extract of G. tsugae has the highest activity of CMCase (0.052 土 
0.001 ILimoles glucose formed min"^ ) and xylanase (0.076 土 0.003 |Limoles xylose 
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formed min]). These lignocellulose-degrading enzymes allow crude enzyme 
preparation to upgrade waste straw, by releasing reducing sugars, into animal fodder 
(McCarthy, 1987). Other potential biotechnological enzymes such as protease and 

























































































































































































































































































































































































































































































































































































































Table 4.2 Comparison of total protein content, activity and specific activity of 
laccase and manganese peroxidase (MnP) in enzyme cocktails prepared from fresh 
SMCs of P. pulmonarius and G. lucidum. 
Enzyme Activity Total protein Crude extract 
(U mL-i) (mg mL-i) specific activity 
(U mg-i of 
protein) 
Laccase 0.59 土0.00 6 1 ^ 
{P. pulmonarius) 
Laccase 0.40 土 0.01 44+2 
(G lucidum) 
MiiP I M 0.59+0.00 2 m 
{P. pulmonarius) 
MnP r ^ 0.40 土 0.01 46+2 
(G lucidum) 
For laccase, lU = 1 fimole ABTS cation radical formed min"^  at pH 4.5 and 25°C. 
For MnP, 1 U 二 1 jimole indamine dye product formed min"^  at pH 4.5 and 37°C. 
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4.2 Maximization of Ligninolytic Enzymes Extracted from SMC 
4.2.1 Effect of extraction solution type and volume on crude enzyme recovery 
Distilled water is the best choice in the recovery of protein and manganese 
peroxidase (MnP) immobilized in S M C of Pleurotus pulmonarius (Figures 3.2al and 
3.2a3). On the other hand, extraction of laccase would be more appropriate by using 
160 m M sodium acetate buffer at pH 5 (Figure 3.2a2). By comparing the total 
ligninolytic enzyme activities in compost extracts from acetate buffer at pH 5 (22.2 土 
2.5 )iM product formed min] mg'^ protein) and distilled water (22.7 土 2.4 |LIM 
product formed min'^  mg'^ protein) at equal extraction volume, their extraction 
effectiveness are more or less the same. However, buffer might have deleterious 
residues (Andrews et al” 1992). In terms of cost, using distilled water is more 
economic than using acetate buffer. Therefore, in real application, using distilled 
water for extraction can raise the feasibility of S M C as a source of organopollutant 
degrading enzymes. If the extraction solution was too acidic, e.g. pH 4, the extraction 
of protein, laccase and MnP would be retarded seriously (Figures 3.2al, 3.2a2 and 
3.2a3). Ball & Jackson (1995) showed that HCl did not recover endoxylanase while 
distilled water was much more effective in extraction, due to enzyme denaturation at 
extreme low pHs. The pH of distilled water is 6.06 and close to pH 6 acetate buffer. 
Distilled water recovered higher activities of lignin-degrading enzymes than buffer at 
pH 6 did, but no significant difference was found in terms of protein recovery 
(Figures 3.2a2 and 3.2a3). 
The optimal and saturated extraction volume per 0.1 g S M C varied for a particular 
enzyme; laccase was extracted maximally by using 4 m L extraction solution and 
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increased volume could not enhance the recovery. However, MnP and other proteins 
required 6 m L and up to 10 m L extraction solution respectively for the greatest 
recoveries (Figures 3.2al, 3.2a2 and 3.2a3). In practical use, 60 m L g"^  is the 
recommended ratio of distilled water to S M C for recovery of the highest ligninolytic 
enzyme activities. 
4.2.2 Effect of extraction time on crude enzyme recovery 
The laccase and MnP activities in enzyme cocktail prepared from Pleurotus S M C 
became saturated and reached the maxima after three hour extraction, and prolonged 
extraction led to a drop in MnP activity (Figure 3.2b). This suggests that laccase may 
be more stable than MnP during the course of extraction. On the other hand, total 
protein content after three hour extraction would still be increased if the extraction 
was prolonged. Thus increased protein impurities would decrease the specific laccase 
and MnP activities. Therefore, an extraction period of three hours was selected for 
recovery of total ligninolytic enzymes. 
4.2.3 Effect of rotation speed on crude enzyme recovery 
Laccase could be extracted more effectively and maximally by 60 rpm rotation while 
MnP and other proteins needed more speedy rotation (120 rpm) for the greatest 
recoveries (Figure 3.2c). Rotation allows better contact of enzyme immobilized in 
S M C and extraction solution. Therefore rotated extraction should recover more 
proteins. In short, 120 rpm is the best rotation speed during extraction for enzyme 
cocktail preparation. 
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The following table summarizes the optimal conditions determined for extraction of 
ligninolytic enzyme immobilized in S M C of Pleurotus pulmonarius. 
Table 4.3 Summary of optimal conditions for ligninolytic enzymes extraction from 
SMC. 
Conditions Description 
Extraction solution type Distilled water or 
160 m M sodium acetate buffer at pH 5 
Extraction volume to S M C ratio 60 : 1 (mL g]) 
Extraction time 3 hours 
Rotation speed during extraction 120 rpm 
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4.3 Effect of Dialysis on Crude Enzyme Extract 
Dialysis of enzyme cocktail with distilled water and sodium acetate buffer (160 m M , 
pH 5) could remove impurity proteins (with sizes < 12 kDa) in crude enzyme 
preparation but failed to increase the laccase and MnP activities (Figures 3.3a and 
3.3b). The sizes of laccase and MnP from Pleurotus pulmonarius in this study are 
determined both between the ranges from 35.5 kDa to 50.7 kDa. It fits the general 
sizes of MnP i.e. 43-49 kDa reported by Heinzkill and Messner (1997). On the other 
hands, laccase in Pleurotus pulmonarius was smaller than laccase of Pleurotus 
ostreatus who has a molecular weight of 67 kDa (Hublik & Schinner, 2000). 
Therefore, ligninolytic enzymes should be retained inside the dialysis tubing. The 
removal of impurity proteins and increased enzyme solution volume due to influx of 
distilled water into the enzyme cocktail by osmotic pressure indicate that dialysis 
was successfully carried out. The drop of enzyme activities is possibly because 
ligninolytic enzymes become unstable when impurity proteins that might act as a 
barrier to reduce the enzyme inactivation, are lost (Kulys et al., 2003). The volume 
of enzyme solution after dialysis with acetate buffer did not change significantly is 
possibly due to the osmotic potential difference between two solutions is not great 
and therefore no big influx or efflux of solution occur. In this study, crude enzyme 
preparation from extraction without dialysis was used for further investigation. 
4.4 Freeze-drying on Crude Enzyme Extract 
For convenience of storage and application, enzyme package in powder form is more 
desirable. Therefore, enzyme cocktail prepared was freeze-dried into powder form. 
The specific laccase and manganese peroxidase activities of crude enzyme 
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preparations were retained after freeze-drying (Figure 3.4). 
4.5 Characterization of Crude Enzyme Powder 
The purity of the enzyme powder is based on two things: (1) the percentage of 
protein i.e. 21+1% determined in this study, and (2) the homogeneity of the protein 
fraction (the presence of one or more enzymes - laccase, MnP, p-glucanase, CMCase 
and xylanase). Enzyme powder is designated as "crude" since there is not much 
protein in the solid and/or that the protein fraction is not homogeneous. It was 
estimated that 2 % of the mycelial protein of Agaricus bisporus was laccase (Lo, 
1994). 12 metals were present in crude enzymes, of which K, Na, Ca, Mg, M n were 
the relatively more abundant cations (Table 3.1). On the other hand, Cl", PO?" and 
so/" were predominant out of 6 anions detected (Table 3.2). Generally, enzyme 
stability can be enhanced by anions such as Br, Cl- and SO42- while cations including 
Ca2+, Mg2+, Na+and K+ increase chaotropic effect (destabilization) (Hanson, 1995). It 
is not surprised to find the metals necessary for fungal growth including copper, iron, 
manganese and zinc (Gadd, 1993), of which Cu^ "" and M n� . are the enzyme cofactor 
of laccase and MnP respectively (Schlosser & H6fer, 1999; Yu & Wong，1999; Duran 
& Esposito, 2000; Hublik & Schinner, 2000; Kulys et al., 2003). 
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4.6 Optimization of Crude Enzyme Activities 
4.6.1 Effect of crude enzyme amount 
Adding more crude enzyme powder in fixed volume (two mL) of distilled water 
increased the protein content correspondingly (Figure 3.5). However, laccase and 
MnP did not always increase in activity when crude enzyme preparation became 
more concentrated (Figure 3.5). This may be because the enzymes are denatured due 
to increased concentrations of cations or halide such as bromide, chloride which can 
cause heme bleaching of MnP. Also, increased impurity proteins in concentrated 
enzyme cocktail may reduce the contact of enzyme substrates with enzyme 
molecules. This could lead to a drop in enzyme activity. For laccase activity to 
function maximally in two m L enzyme cocktail, 160 mg crude enzyme powder was 
added, and further double addition led to drop in activity by 20%. In contrast, 
inhibition of MnP in concentrated enzyme cocktail was more serious than that for 
laccase, and appeared when just more than 40 mg crude enzyme powder were added. 
MnP activity already reached a peak with 20 to 40 mg crude enzyme powder added 
and extra addition would decrease the MnP activity (by 29-37%). In terms of total 
ligninolytic enzyme activities, addition of 160 mg crude enzymes in two m L distilled 
water can give the highest activities. 
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4.6.2 Effect of incubation pH 
The protein contents in crude enzyme solution did not change significantly along the 
range from pH 1 to 9 (Figure 3.6a). This suggests that most protein components in 
crude enzyme extract were pH-stable, but not for cases of laccase and MnP. Laccase 
showed an optimal activity at pH 3 (Figure 3.6a). The optimum pH of laccase of P. 
pulmonarius in this study matches with that of P. ostreatus falling in pH range 
between 3.0 and 3.5 (Lo, 1994). Also, using ABTS as substrate, laccase of L. edodes 
and P. sajor-caju function optimally at pH 3.0 and 3.8 respectively (Cai, 1993; 
Schlosser & H6fer, 1999). On the other hand, fungus strain UD4 and A. bisporus 
attained the maximum laccase activities at higher pHs, i.e. pH 5.0 and 5.6 
respectively (Lo, 1994; Leukes & Jordaan, 2003). The variations reveal that the pH 
optima of laccases depend upon the species. Laccase of crude enzyme preparation 
functioned at relatively low pH. This reflects that the enzyme is physiologically 
active in acidic condition (Lo, 1994). On the other hand, MnP showed a relatively 
broad pH optimum ranging from 4 to 7 (Figure 3.6a). For M n oxidation by 
manganese peroxidase, optimum pH is around 4.5. The pH value could affect the 
binding of M n to binding site ligands as well as chelators; the optimal pH for MnP to 
oxidize bromide and iodide are 2.5 and 3 respectively (Gold & Sheng，1997). When 
the incubation pH increased from pH 1 to their optimal pH values, laccase and MnP 
activities were enhanced by 7-fold and 8.1-fold respectively. The commercial laccase 
of P. ostreatus loses activity significantly when functions at pH 7.5 or above. MnP 
isolated from P. chrysosporium, using phenol red as substrate, functioned optimally 
at pH 4.8, with approximately linear losses of activity down to pH 4.0 (-10% activity 
remaining) or up to pH 6.0 10% activity remaining) 
(http://www.tienzyme.com/mnp.htm). In short, enzyme cocktail functions at pH 3 
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will give the highest total ligninolytic enzyme activities. 
The pH effect on cellulose-degrading enzyme and xylan-degrading enzyme has also 
been monitored. P-glucanase, CMCase and xylanase have a common optimal pH 
value at pH 5 (Figures 3.6b, 3.6c and 3.6d). Under optimal pH, P-glucanase, 
CMCase and xylanase activities increased 6.6, 2.1 and 3.5-folds respectively 
compared to pH 2 treatment. The values of optimum pH of cellulolytic and 
xylanolytic enzymes in crude enzyme preparations are lower than those reported by 
Cheung (1994) who found that optimum pH for exoglucanase, endoglucanse 
(CMCase) and P-xylanase of F. velutipes were 7.4, 7.0 and 7.0 respectively. The 
CMCases from other fungi are more active at acidic pH values. For instance, 
CMCase from Aspergillus niverus (Taj-Aldeen & Alkenany, 1993) had a pH 
optimum at 4.8, while the optimal pH for CMCase of Polyporus tulipiferae (Kanda et 
al., 1976a) ranged from pH 4 and pH 5. Also, the purified xylanases I and II of 
Neocallimastix frontalis have pH optima at 5.5 and 6.0 respectively (Gomez De 
Segura & Fevre, 1993). Kanda et al. (1976b) also reported pH 4 as the optimal pH 
for xylanase from Polyporus tulipiferae. 
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4.6.3 Effect of incubation temperature 
The protein contents in contrast to laccase and MnP in crude enzyme solution were 
not affected significantly by incubation temperature (Figure 3.7a). Laccase 
functioned optimally at 45®C, with 1.7-fold increased activity compared to 25''C, but 
this activity dropped to zero at 75。C. In contrast, MnP showed an increased activity 
even at 75。C, with activity enhanced by 4.8-fold relative to that at 25。C. The optimal 
temperature of laccase in crude enzyme extract of P. pulmonarius corresponds to the 
laccase of P. sajor-caju which also had a maximum activity at 45'^ C, fell off rapidly 
at temperatures above 55。C, and at 65。C，only about 20% of the residual activity was 
recorded (Lo, 1994). The maximum activity of laccase from Pleurotus ostreatus 
reached 50。C and its activity dropped to zero at 70。C (Hublik & Schinner, 2000). In 
another study, optimum 45°C for optimization of catechol by laccase of Trametes 
versicolor was found, and higher temperature would adversely affect the enzyme 
stability (Tanyolac & Aktas, 2003). Like the case in pH optima, different fungal 
laccases have different optimum temperatures e.g. a thermostable laccase was 
identified in the fungus strain UD4, which had an optimum temperature of 
approximately 70。C (Leukes & Jordaan, 2003). Commercial MnP of P. 
chrysosporium has an upper limit of approximately 60°C and function optimally in 
the range of 45-50°C (http://www.tienzyme.com/laccase.htm). For the crude enzyme 
preparations to function with highest total ligninolytic enzyme activities, 45®C should 
be the optimum temperature to give the total activity. The activity and stability of the 
enzyme cocktails from the S M C make it useful over a broad temperature range. 
Apart from having a common optimal pH, P-glucanase, carboxymethylcellulase 
(CMCase) and xylanase also showed a common optimal temperature at 40°C 
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(Figures 3.7b, 3.7c and 3.7d). Under optimal temperature, p-glucanase, CMCase and 
xylanase activities increased 5.7，2.3 and 3.5-folds compared to those at 20°C (for 
P-glucanase, CMCase) or 60。C (for xylanase) respectively. The values of optimum 
temperature of cellulolytic and xylanolytic enzymes in crude enzymes are 
comparable to Cheung (1994) study which found that optimum temperatures for 
exoglucanase, endoglucanse (CMCase) and p-xylanase of F. velutipes were both at 
40, 50 and 40。C respectively. 
4.6.4 Effect of EDTA addition 
The interaction of metals with extracellular ligninolytic enzymes of white-rot fungi is 
of particular importance for the understanding of the regulation of biotechnological 
processes of fungal degradation of xenobiotics. In this study, EDTA, a well-known 
metal chelator, was added to the crude enzyme preparations. Laccase and MnP 
activities dropped significantly after EDTA addition (Figures 3.8a and 3.8b). This 
suggests that metal cofactors are required for ligninolytic enzymes to function. Chen 
et al (1998) found that 1 m M and 25 m M EDTA could inhibit laccase of C. 
thermophilium by 34% and 100% respectively. 
4.6.5 Effect of copper and manganese ion addition 
The addition of copper and manganese ions to crude enzyme solution could enhance 
laccase activity, of which laccase functioned at 0.4 m M Cu^^ and 4.3 m M Mn^^ 
respectively. The laccase activities were increased by 1.4-fold and 1.7-fold 
respectively under optimal copper and manganese ion concentration (Figure 3.9a). 
Baldrian (2003) also found that copper addition could increase extracellular laccase 
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activity of straw culture extract and increase the purified laccase stability in time. 
’ I. I 
Cu is a well-known cofactor for laccase to function while M n is the well-known 
cofactor for MnP, rather for laccase. Laccase can function optimally with Cu at a 
much lower concentration than with M n , possibly because the enzyme molecule 
1 I ’ < 
utilizes Cu more effectively than M n . On the other hand, copper and manganese 
ions could also enhance MnP activity; when the cation concentrations were 4 m M 
Cu2+ and 47 |LiM Mn^"" respectively (Figure 3.9b), 1.5-fold and 1.2-fold activities 
were enhanced. Apart from enhancing laccase activity, copper ion has also been 
found to increase the activity of Mn-peroxidase in T. trogii as well as decolorization 
of the polymeric dye Poly R-478, highest enzyme activity and decolorization rate 
were obtained in the presence of 1.6 m M Cu^^ (Sannia et al., 2001). The effect of 
copper ion on MnP activity was further confirmed by the experiment of testing MnP 
activity at 75®C with Cu^^ as metal cofactor. The same trend in change of MnP 
activity at 37°C and IS^C with Cu^^ as metal cofactor was obtained (Figures 3.9b and 
3.9c). Mielgo et al (2003) found that 500 [xM Mn^^ gave the highest 
1 
2,6-dimethoxyphenol oxidation rates. The key role of M n in the catalytic cycle may 
explain these results. On comparison, 4 m M Cu in this study was found to enhance 
the MnP activity to the greatest extent. MnP functions optimally with M n� . at a 
lower concentration than Cu^^. This may be because Mn^"^ is more effective than Cu^ "^  
to be oxidized by MnP enzyme molecule. Mn^^ addition (even as low as 100 ^ iM) 
can significantly reduce the drop in MnP activity within six hours (Moreira et aL, 
2001). Another use of Mn^"^ is to reduce thermal inactivation of MnP (Timofeevski & 
Aust, 1997). On the other hand, Heinfling et al. (1998) found new MnP isoenzymes 
capable of directly catalyzing decolorization of the reactive dyes more efficiently 
than the MnP-Mn^^ mediator system, and in the absence of mediator. The addition of 
excess copper and manganese ions resulted in a drop of laccase and MnP activities. 
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Copper if in excess, in addition to binding to aromatic amino acid residues in enzyme 
molecules, also causes oxidative damage of proteins by the induction of oxidative 
stress associated with the production of reactive oxygen species like hydroxyl or 
superoxide radicals. This in turn will lower the enzyme activities (Stohs & Bagchi, 
2+ 2+ 
1995). In conclusion, the crude enzymes functions at 0.4 m M Cu and 4.3 m M M n 
allow the highest total ligninolytic enzyme activities to be attained. 
4.6.6 Effect of hydrogen peroxide addition 
The addition of hydrogen peroxide did not have a stimulatory effect on the laccase 
and MnP activities (Figure 3.10), although hydrogen peroxide is a well-known 
cofactor for MnP to function (Hofrichter et al., 1998). This may be due to the 
presence of HiOi-generating enzyme in the crude enzyme complex and the 
endogenous amount of H2O2 was sufficient for MnP to function. An endogenous 0.05 
m M H2O2 was detected in one m L enzyme reacting solution. Therefore excess H2O2 
cannot enhance the MnP to function more effectively. Instead the hydrogen peroxide 
would decrease ligninolytic enzyme activities if too much (50 m M for laccase and 
500 m M for MnP) were added because the H2O2 is a strong oxidizing agent that may 
destroy enzyme molecules. Moreira et al. (2001) found that excess H2O2 (> 0.5 m M ) 
could lead to a drop in activity of MnP while Palma et al. (1997) also reported free 
MnP from P. chrysosporium could be inhibited by H2O2 in excess. 
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4.6.7 Effect of malonic acid on maintaining enzyme activities 
Oxalate is one of the typical metal chelators produced by white rot fungi to 
immobilize soluble metal ions or complexes as insoluble oxalates e.g. copper oxalate, 
which in turn decrease bioavailability and increase tolerance to these metals (Sayer 
& Gadd, 1997，Shimada et al., 1997; Machuca et al, 2001). Like other organic acid 
chelators e.g. citrate, oxalate which can stabilize enzyme activities, 0.5 m M malonic 
acid addition could prolong the MnP activity unchanged from half an hour to one 
hour and always maintained a higher activity than the case without malonic acid, 
during further incubation (up to two hours) (Figure 3.11a). However, the addition of 
excess malonic acid (2 m M ) lost the effect of MnP activity maintenance, possibly 
due to the competition between malonic acid and enzyme substrates for enzyme 
molecules. The formation of Mn^ "^  chelates allowed the enzyme to penetrate 
substrates that are not accessible to enzymes due to steric hindrance. Such addition 
may, in turn, raise the biotechnological application potential (Heinfling et al., 1998). 
However, malonic acid addition could not stabilize the laccase activity (Figure 
3.11b). 
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4.6.8 Activities and stabilities of ligninolytic enzymes under the combined 
optimal conditions 
The following table summarizes the optimal conditions determined for crude enzyme 
preparations to function, giving the highest total ligninolytic enzyme activities. 
Table 4.4 Summary of optimal conditions for crude enzyme preparation to function. 
Conditions Description 
Crude enzyme powder amount to water ratio 80 : 1 (mg mL') 
Mn扑 ion concentration 4.3 m M (0.24 mg M n " per mg 
crude enzyme powder)  
Cu扑 ion concentration 0.4 m M (0.03 mg Cu^ "" per mg crude 
enzyme powder)  
Malonic acid concentration 0.5 m M (0.09 mg malonic acid per  
mg crude enzyme powder)  
Incubation temperature 45®C 
^ H " 3 
The ligninolytic activities of crude enzymes before and after optimization were 
compared (Figure 3.12a). Under optimal conditions, activities of laccase and MnP in 
crude enzyme extract increased 4.9-fold and 7.2-fold respectively compared to 
unoptimal conditions. Laccase activity dropped continuously to zero after two and a 
half hours while MnP activity remained unchanged during the first hour and then 
became insignificant after two and a half hour of incubation (Figure 3.12b). Laccase 
of P. sajor-caju was stable at 35°C and almost 80% of the activity still remained after 
60 minutes exposure and the preincubation temperature would affect the 
thermostability (Lo, 1994). On the other hand, a thermostable laccase identified from 
the fungus strain UD4 could retain 100% activity even at 60''C during nine hours of 
incubation (Leukes & Jordaan, 2003). 
181 
4.7 Storage Stability of Crude Enzyme in Powder Form and 
Liquid Form 
4.7.1 P-glucanase, carboxymethylcellulase (CMCase) and xylanase activities 
3-glucanase, carboxymethylcellulase (CMCase) and xylanases of crude enzyme 
preparations stored in liquid form were relatively more stable at -70°C (Figures 
3.13a, 3.13b and 3.13c). Both -20°C and -70^C could retain xylanase and CMCase 
activities up to one and a half month and one month respectively. In contrast, storage 
at 4®C and room temperature could result in significant drop in xylanase and 
CMCase abruptly after one month. For p-glucanase storage, activity dropped slightly 
even at -lO^'C and -70°C after one month. The order of storage stability is xylanase > 
CMCase > p-glucanase. 
4.7.2 Protein content 
The change of protein content in crude enzyme stored in powder and liquid form 
under different storage temperatures were compared. Storage at —70。C is always the 
best choice in both powder and liquid storage. However, in solid form, storage at 
-70。C could maintain the protein content unchanged for two months (Figure 3.13d2) 
while protein was lost under liquid storage at —70。C after six weeks (Figure 3.13dl). 
Therefore powder storage would be better than liquid storage in terms of maintaining 
protein content, and allowed the protein remained stable up three months (Figure 
3.13d2). 
182 
4.7.3 Laccase activity 
Laccase was more stable when stored at -70°C rather than other storage temperatures 
(Figures 3.13el and 3.13e2). This is the case for both liquid enzyme preparation and 
crude enzyme powder. However, - 70°C with powder form storage could maintain 
laccase activity up to two months while activity of laccase in liquid enzyme 
preparation dropped after two weeks even stored at - 70®C. Figure 3.13e2 shows the 
prolonged storage of crude enzyme powder at -70®C and laccase activity decreased 
up to four months and then did not change significantly (up to six months). 
4.7.4 MnP activity 
For MnP storage, no matter in solid or liquid form, -l(fC is the best choice and 
capable of maintaining MnP activity up to one month (Figures 3.13fl and 3.13f2). 
However, in powder form MnP was less stable than that of laccase (two months 
stability) although its stability in liquid enzyme preparation was higher than laccase 
did (stable for two weeks only). The further study on the change of MnP activity in 
crude powder stored at -70°C has revealed that activity dropped continuously, and 
then remained unchanged beyond three months (Figure 3.13f2). 
In conclusion, total protein and laccase were more stable when crude enzyme was 
stored in powder form, although MnP stability is the same in both forms. For 
practical use, enzyme cocktail freshly prepared from S M C should be freeze-dried 
into powder and then at -70^C, in order to retain the ligninolytic enzyme activities 
more effectively. The result matches with the expected results i.e. cooler storage of 
enzyme prolonged its activity. Hublik & Schinner (2000) found that activity loss of 
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laccase of Pleurotus ostreatus during 10 days at 25®C storage was 2% on average 
while laccase retained most activity in high ionic buffer, -20°C and in the presence of 
10 m M benzoic acid and with 35% ethyl glycol. 
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4.8 Studies on the Degradation Ability of Crude Enzyme towards 
Organopollutants 
4.8.1 Degradation of naphthalene (NAP) by crude enzyme solution 
Figure 3.14a shows that polycyclic aromatic hydrocarbon naphthalene (0.5 - 2 mg/L) 
could be completely degraded by crude enzyme preparations. The degradation is 
likely related to the activity of laccase and manganese peroxidase present in the 
enzyme cocktail. The possible bond cleavages by ligninolytic enzymes towards PAH 
included aromatic ring cleavage, P-ether cleavage, Ca-Cp cleavage and 
Ca-oxidations (Kawai et al., 1999). The removal capacity of naphthalene reached to 
a maximum i.e. 23.3±1.0 nmoles naphthalene removed per U (total ligninolytic 
enzyme activity) when naphthalene allowable for treatment was up to 10 mg L'^ 
Higher substrate concentration would lower the rate of radical decomposition and 
then increased the pollutant decomposition rate and efficiency e.g. a high azo dye 
concentration (lOOmg L]) actually depressed the decomposition of ABTS and in turn 
increased the recycle of ABTS between enzyme and azo dye (Yu & Wong, 1999). 
Also, low pollutant concentrations have been shown to prevent end-points being 
attained (Head, 1998). On the other hand, naphthalene removal by crude enzyme 
preparation has decreased to 20±lo/o when 50 mg L] PAH was added. The 
rate-limiting step for oxidation by laccase is the redox potential difference between 
type 1 copper of laccase and substrate, which governs first electron transfer from 
various phenols, anilines and other aryl analogs to type 1 copper (Schlosser & H6fer, 
1999). The breakdown of pollutants by enzymes are due to radicals generated which 
can carry out a variety of reactions, including benzylic alcohol oxidation, 
carbon-carbon bond cleavage, hydroxylation, phenol dimerization/polymerization 
185 
and demethylation (Pointing & Hyde, 2001). Kapich et al (1999) reported the 
combination of manganese peroxidase/Mn^Vlinoleic acid is one of the peroxyl 
radical-generating systems. Moreover, laccase could generate radicals from a low 
molecular mass redox mediator in a HiOi-independent reaction (Tanaka et al., 1999; 
Pointing & Hyde, 2001). Trejo-Hemandez et al (2001) also used aqueous extract of 
S M C oi Agaricus to remove phenolic and polyphenolic compounds. The advantages 
of involvement of free radicals are: 1) they are able to oxidize the pollutants due to 
their high oxidative capacity (Konstantinou et al., 2001). 2) They are non-selective to 
attack different bonds. 3) Enzymes of large size may not penetrate into the potential 
sites of substrate. Only if the enzymatic system employs a small, diffusible radical as 
the proximal oxidant, the substrate is attacked and degraded (Kapich et al., 1999). 
The presence of MnP and laccase may have a synergistic effect on the degradation of 
pollutants since Leite et al (2003) found that in the catecholamine oxidation, 
hydrogen peroxide generated by laccase permits MnP to oxidize the target compound. 
The addition of 20 mg ABTS into crude enzyme solution could slightly increase the 
removal efficiency by 6%, but further ABTS addition did not enhance the removal. 
Instead this leads to a decrease of removal efficiency, possibly due to the competition 
of ABTS and naphthalene molecules to enzyme molecules (Figure 3.14b). ABTS 
enhanced oxidation has also been observed for other PAHs including anthracene and 
benzo[a]pyrene (Collins et al., 1996; Majcherczyk et al., 1998). Figure 3.14c shows 
that up to 89+0 % of 10 mg L] naphthalene was removed after one hour incubation, 
then the removal efficiency increased only slightly with increasing incubation time 
and finally reached a maximum of 95+0 % removal after 12 hour incubation. This 
suggests that the degradation was carried out rapidly once crude enzymes were in 
contact with the pollutant. Pollutant degradation is not identical with toxicity 
removal. Thus a further analysis of the breakdown products is necessary. The 
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toxicities of breakdown products, resulted from free radical attack with various bond 
cleavages mentioned above, were found to be lower than the parent compound 
naphthalene, as revealed by the increased 5 min IC50 value in Microtox® test (Table 
3.3). Some possible breakdown products putatively identified included: 
2-methyl-l-pentanol; 3-Hexene-2,5-diol; Benzenemethanol, 3,4,5-trimethoxy-; 
2,3-Octanedione; 2,4,6,8-tetramethyl-l-undecene; 6-Undecanone; 
1 -(ethenyloxyl)-Octadecane, octadecyl vinyl ether; 1,2-Benzenedicarboxylic acid, 
butyl octyl ester and Nonadecanol, with structures shown below Figure 3.14d. This 
reflects ring cleavage by oxidation and linearization into hydrocarbons or conversion 
into organic acids and derivatives. 
4.8.2 Degradation of phenanthrene (PHE) by crude enzyme solution 
Another PAH, phenanthrene, has also been proved to be degraded by enzyme 
cocktail (Figure 3.15a). In comparison with naphthalene, the maximum removal 
capacity of crude enzyme preparation towards phenanthrene (9.8+0.1 nmoles per U) 
is lower. The difference is possibly because phenanthrene is composed of three rings 
while naphthalene consisted only two rings，and generally PAHs with more rings 
would be more difficult to be degraded (Cemiglia, 1992). Bogan and Lamar (1995) 
found that the disappearance of PAHs also showed a strong correlation with their 
ionisation potentials (IPs). The IP values, referring to the energy required to remove 
an electron and to form a cation radical, of the two PAHs in this study are (eV): 
naphthalene, 8.12; phenanthrene, 8.03; (Cavalieri et al., 1983; Bogan & Lama, 1995; 
Crawford & Crawford, 1996). A one-electron oxidation of PAHs can take place by 
laccase (IP < 7.45 eV) and MnP or MnP-dependent lipid peroxidation for some PAHs 
up to six rings (IP < 8.19 eV) (Cavalieri et al, 1983; Bogan & Lama, 1995; Crawford 
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& Crawford, 1996). Therefore, MnP in crude enzymes should be the right enzyme to 
initiate both naphthalene and phenanthrene oxidation, while laccase may involve in 
the intermediate product degradation. The removal efficiency of crude enzyme 
towards phenanthrene decreased from 88+1% to 6+1% when phenanthrene 
concentration increased from 0.1 to 20 mg L"^ Also, concentration of phenanthrene 
up to 20 m g L/i would inhibit the removal capacity of crude enzymes towards 
phenanthrene. In contrast to the case of naphthalene, ABTS could not increase the 
removal efficiency of phenanthrene by crude enzyme preparations. Instead ABTS 
addition would lead to drop in phenanthrene removal (Figure 3.15b), possibly due to 
the competition of ABTS and phenanthrene molecules to enzyme molecules. 
Srebotnik et al (1998) also found that ABTS could not enhance phenanthrene 
degradation by laccase. However laccase was proved to efficiently degrade 
phenanthrene in the presence of another well-known laccase mediator 
1 -hydroxybenzotriazole and unsaturated lipids, with 73 % of initially added 
phenanthrene degraded to give phenanthrene-9,10-quinone and 2,2'-diphenic acid as 
the major products. Like the case of naphthalene degradation, rapid degradation 
(41土1 o/o) of 10 mg L'^  phenanthrene occurs within the first hour incubation with 
enzyme cocktail while the further incubation (up to 12 hours) only slightly increased 
the removal by 7% (Figure 3.15c). Table 3.3 shows that the enzyme-treated 
phenenathrene was less toxic that the case of without treatment, since 5 min IC50 
increased from 1.97% to 4.34%. The detoxified solution included breakdown 
products such as 7-Oxabicyclo 4.1.0 heptane, 1 -methyl-4-(2-methyloxiranyl)-; 
3-Hexene-2,5-diol; 1,2,3,4-Tetramethoxybenzene; 3-Acetonylcyclopentanone; 
2,3-Octanedione and 1-Nonene, 4,6,8-trimethyl- (Figure 3.15d). 
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4.8.3 Degradation of pentachlorophenol (PCP) by crude enzyme solution 
Apart from polycyclic aromatic compounds, the degradation of chlorinated aromatic 
compound including pentachlorophenol was monitored. Figure 3.16a shows that the 
removal efficiency of crude enzyme towards PCP decreased from 69+5% to 10+2% 
when the PCP concentration increased from 4 to 64 mg L'^ The maximum removal 
capacity of crude enzyme towards PCP was 3.8+0.1 nmoles PCP removed per U, and 
less efficient than that towards PAH. It was determined when 32 mg L"^  PCP was 
added to the crude enzymatic treatment system and further PCP addition (64 mg L'^ ) 
would lead to a drop in RC. The ability of the extracellular ligninolytic enzymes to 
metabolize chlorophenols and PCP has well been documented (Kang & Stevens, 
1994; Okeke et al., 1994 & 1996; Rajarathnam et al., 1998; Duran & Esposito, 2000; 
Hublik & Schinner, 2000). Ligninolytic enzymes such as laccase, lignin peroxidase 
and manganese peroxidase, have been proved to degrade PCP in single or in 
combination (Mileski et al., 1988; Okeke et al., 1994; Ullah et al., 2000). Purified 
laccase or manganese peroxidase alone could degrade PCP (Bockle et al., 1999; 
Ullah et al., 2000). Ullah et al. (2000) reported that laccase purified from Coriolus 
versicolor could remove PCP completely over 72 hours. The enhancement effect of 
ABTS on PCP removal is more significant than the cases of PAH removal, with 
increased removal efficiency, from 46土 1 o/o to 67±1 %, for 32 mg L"^  PCP upon 20 
mg ABTS were added (Figure 3.16b). At the same time, the removal capacity 
increased up to 5.5+0.1 nmoles PCP removed per U. This is possibly due to the fact 
that ABTS is the mediator of laccase and the formation of ABTS radicals could 
participate in the attack to PCP. In contrast to the cases of PAH removal, the 
degradation of PCP completed much slower as PCP removal nearly doubled when 
the incubation time with enzyme cocktail increased from one to six hours, and finally 
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a maximum of 66±1 o/。removal after 12 hour incubation was reached (Figure 3.16c). 
Actually, ABTS cation radical is very stable in aqueous solutions and rapidly reacts 
with various aromatic compounds (Srebotnik et al., 1998). Enzymatic treatment has 
lowered the toxicity of the PCP contaminated solution (5 min IC50 increased from 
0.25% to 1.340/0) (Table 3.3), and some possible breakdown products detected 
included 1,2,3,4-tetramethoxybenzene; 2H-Pyan-2-one, 6-heptyltetrahydro-; 
4-Hexadecanol and 11,14-Eicosadienoic acid, methyl ester (with structures shown 
below Figure 3.16d). Aromatic ring cleavage, P-ether cleavage, Ca-Cp cleavage and 
Ca-oxidations were the possible bond attack initiated by ligninolytic enzymes 
present in the crude enzyme preparation (Kawai, 1999). 
4.8.4 Degradation of 4,4-DDT by crude enzyme solution 
The removal of another chlorinated compound, 4,4-DDT, was investigated and each 
U of total ligninolytic enzyme activities could maximally remove 12.5+0.2 nmoles 
D D T molecule (Figure 3.17a). On comparison, enzyme cocktail is more effective on 
degradation of D D T than on PCP. The maximum removal capacity was attained 
when initial D D T concentration is up to 20 mg L] and double addition would lower 
the RC. The removal efficiency was nearly reduced by half when the initial D D T 
concentration increased from 1 mg L] to 40 mg I/、ABTS addition on crude enzyme 
preparation could raise the D D T removal by 7% (Figure 3.17b). The effect is 
comparable to that on naphthalene degradation but less significantly than the case of 
PCP removal. The increase in removal, as mentioned, is likely contributed by the 
ABTS radical generated. Incubation time could greatly affect the degradation of 
D D T (20 mg l/) by enzyme cocktail because only about half of the maximum 
removal efficiency (26+1 %) was attained during the first hour incubation, while 
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43±1 o/o removal and a maximum of 56±2 % were reached within 3 hours and 6 
hours enzymatic treatment respectively (Figure 3.17c). The toxicities of 
enzyme-treated solutions in this study were always reduced and this is also true for 
D D T solution (Table 3.3). Microtox® assay revealed that 5 min IC50 value of D D T 
solution increased from 0.51% to 1.83% after enzymatic degradation. Figure 3.17d 
shows the chromatogram of D D T with and without treatment and some compounds 
included 1,3-Dioxolane-4-methanol, 2-pentadecyl-, acetate; Benzene, 
1,3-bis(l, 1 -dimethylethyl)-; 1,2,3,4-Tetramethoxybenzene; Tetradecane, 2，6， 
10-trimethyl-; Docosane; Tridecanoic acid, 12-methyl-, methyl ester; Octadecanoic 
acid, 17-methyl-, methyl ester; Hexadecanoic acid, methyl ester; Methyl 
3-(3,5-di-tert-buty-4-hydroxyphenyl)propionat; Methyl 2-ethylhexyl phthalate; 
9,12-Octadecadienoic acid (Z,Z)-, methyl ester; Octadecanoic acid, methyl ester; 
Hexadecanoic acid, 1 -(hydroxymethyl)-1,2-ethanediyl ester; Octadecane, 
3-ethyl-5-(2-ethylbutyl)-; Bis(2-ethylhexyl) phthalate; Gibb-3-ene-l, 10-dicarboxylic 
acid, 2,4a,7-trihydroxy-1 -ethyl-8-methylene-, 1,4a-lactaone， 10-methyl ester, 
(1.alpha., 2.beta.,4a.alpha.,4b.beta.,10.beta.)- and 1,4-Epoxynaphthalene-
l(2H)-methanol, 4,5,7-tris (1,1 -dimethylethyl)-3,4-dihydro-, were the possible 
breakdown products after various bond cleavages by ligninolytic enzymes. 
4.8.5 Degradation of Indigo carmine by crude enzyme solution 
In addition to well-known persistent organic compounds, crude enzyme preparation 
has also shown its ability to decolorize the blue Indigo carmine solution (Figure 
3.18a). Maximum removal capacity (19.6+0.3 jimoles Indigo carmine removed per U) 
and removal efficiency (53+1%) was attained when the initial amount of dye to be 
treated is up to 268 i^moles. Excess amount of dye or too low pollutant 
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concentrations could prevent end-points being attained. Biodegradation using 
Pleurotus and Trametes species has reported the production of laccase in response to 
dye degradation (Piatt et al, 1984; Thurston, 1994; Abadulla et al., 2000; Martins et 
al., 2003). Using a crude extract from P. chrysosporium cultures, Paszczynski et al. 
(1991) described dye degradation under MnP- or LiP-specific reaction conditions. 
Durrant & Chagas (2001) suggested that manganese-peroxidase of P. chrysosporium 
and laccase in P. sajor-caju may be involved in decolorization of the dyes. 
Podgomik et al (2003) also found that MnP could successfully decolorize Indigo 
carmine, at a faster rate than LiP. On the other hand, Young and Yu (1997) suggested 
that many commercial reactive dyes could not be efficiently decolorized by P. 
chrysosporium. Figure 3.18b shows the effect of ABTS addition on Indigo carmine 
removal by crude enzyme solution. ABTS could greatly enhance the decolorization 
of Indigo carmine by more than 30% when five mg ABTS were added. However, 
excess ABTS addition would lower the removal efficiency. The degradation of 
Indigo carmine was carried out quite rapidly, up to 40±1 o/o of Indigo carmine (268 
jimoles) were removed after one hour incubation with enzyme cocktail. Then the 
removal increased to 47+2 % after three hour enzymatic treatment, and further 
incubation to 12 hours allowed a maximum of 53±0 % removal (Figure 3.18c). The 
toxicities of the treated samples were less toxic than the parent compound Indigo 
carmine (5 min IC50 increased from 0.22% to 1.76%) (Table 3.3). The white-rot fungi 
have been reported to efficiently degrade azo dyes without the formation of aromatic 
amines (Schliephake et al, 1993; Chivukula & Renganathan, 1995). 
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Table 4.5 Summary of the performance of the crude enzyme preparation from S M C 
on the pollutants tested. 
Pollutant Maximal removal capacity (amount 
of pollutant removed per U) 
Naphthalene 23.3+1.0 nmoles 
Phenanthrene 9.8+0.1 nmoles 
Pentachlorophenol 5.5+0.1 nmoles 
4,4’-DDT 14.3±0.0 nmoles 
Indigo carmine 19.6+0.3 jumoles 
4.9 Prospect for SMC as a Source of Organopollutant-degrading 
Enzyme 
Enzyme technology in bioremediation is not well developed because of high prices 
of organopollutant-degrading enzyme isolation and purification processes. Table 4.6 
shows the prices of commercial enzyme, which are quite expensive. However, SMCs, 
which generally regarded as waste, are cheap and feasible as a source of ligninolytic 
enzymes, as demonstrated in this study, for environmental cleanup. This greatly 
reduces the cost of using enzyme technology in bioremediation. On the other hand, 
the general main drawbacks using free enzymes to detoxify waste stream are their 
instability towards thermal and pH denaturation, proteolysis and inactivation by 
inhibitors (D'Annibale et al., 2000). However，the crude enzyme preparation may be 
more stable than purified enzyme e.g. due to presence to abundant impurity protein 
since Kulys et al. (2003) demonstrated that human serum albumin (HSA) addition 
could reduce laccase inactivation during mediator oxidation by reacting with free 
radicals and then avoided attack of enzyme by free radicals. Also, the use of crude 
enzyme preparation can reduce the cost of purification, in turn increasing the 
potential of participating in bioremediation. 
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Table 4.6 The prices of commercially available fungal enzymes. 
“ IPrices (US$ for 
Brand name Enzymes 10,000 units) 
TienZyme^ ^ 
L3.CC3.SC 
(www.TIENZYME.com) 、 150 — 400 
(Pleurotus ostreatus) 
(Liquid Enzyme Preparation) 
Mn-peroxidase^ 10,ooo - 25,000 
{Phanaerochaete chrysosporium) 








aQne unit will produce an absorbance change of 0.001 per minute at pH 5.5, IS'^ C 
using syringaldazine as a substrate. 
^One unit oxidizes 1 [amole of phenol red per minute at pH 4.5, 25。C. 
CQne unit will produce a AAssoof 0.001 per min at pH 6.5 at 30°C in a 3 mL reaction 
volume using syringaldazine as substrate. 




Acting as a source of ligninolytic enzymes, fresh spent mushroom compost of 
Pleurotus pulmonarius immobilized laccase (3.64 土 0.45 |LIM cation radical formed 
min]) and MnP (1.22 土 0.07 |LIM indamine dye product formed min]), would be the 
best choice. Apart from lignin-degrading enzymes, cellulose-degrading enzymes 
including CMCase and P-glucanase, and xylan-degrading enzyme xylanase have 
been recovered. 
Maximization of ligninolytic enzyme extraction could be achieved by adding one 
gram S M C to 60 ml distilled water or 160 m M sodium acetate buffer at pH 5, with 
120 rpm shaking for three hours. The molecular sizes of laccase and MnP were 
within the range from 35,5 to 50.7 kDa, and dialysis could remove some impurity 
proteins but failed to increase the ligninolytic enzyme activities. 
For convenience of storage and application, enzyme cocktail was freeze-dried into 
powder and the ligninolytic enzyme activities were retained. Storage at -VO'^C 
allowed MnP and laccase in powder form to be stable for one and two months 
respectively. Forms of crude enzyme preparation would affect the enzyme stability: 
total proteins and laccase were more stable in powder form than in liquid preparation. 
On the other hand, MnP stability was the same in both forms. 
The enzyme powder consisted of 21 土P/o crude protein, metals including K, Na, Ca, 
Mg, Mn, and anions such as Cl", PCU;. and S04^ '. The best conditions for crude 
enzyme powder to give highest total ligninolytic enzyme activities were determined. 
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First, a crude enzyme solution was prepared by adding enzyme powder into distilled 
water in a ratio of 80:1 (mg/mL). Exogenous Cu^^ and Mn^^ addition, to a give a 
final concentration of 0.4 m M and 4.3 m M respectively, incubation at 45''C and pH 3 
could then optimally enhance the total enzyme activities. Also, MnP stability was 
prolonged from half an hour to one hour in the presence of 0.5 m M malonic acid and 
always maintained a higher activity than without malonic acid. 
The degradation ability of crude enzyme preparations towards organopollutants was 
confirmed by the removal of naphthalene (NAP), phenanthrene (PHE), 
pentachlorophenol (PCP), 4,4,-DDT and Indigo carmine after incubation with 
enzyme cocktails. Each U of total ligninolytic enzyme activities could remove 
23.3±1.0 nmoles NAP, 9.8±0.1 nmoles PHE, 5.5土0.1 nmoles PCP, 14.3土0.0 nmoles 
D D T and 19.6+0.3 jamoles Indigo carmine. Therefore, the order of relative 
susceptibility to degradation should be : Indigo carmine > naphthalene > 4,4，-DDT > 
phenanthrene > pentachlorophenol. This susceptibility may be correlated with 
ionization potentials and/or molecular structures of the pollutants. Microtox® assay 
has revealed that the toxicities of those pollutant-contaminated solution was reduced 
after enzymatic treatment, suggesting that the breakdown products were less toxic 
than their parent compounds. 
In short, the results of this study demonstrate Pleurotus S M C could be a source of 
organopollutant-degrading enzymes for degrading some persistent organic pollutants. 
Low cost, abundance and ready availability add further advantages to use S M C as a 
source of lignocellulolytic enzymes. 
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6. Further Investigation 
Crude enzyme preparation has showed promising degradation abilities towards 
several organic pollutants, however, further investigation on other aspects can 
enhance its real application potential. For example, treatment system in this study is 
the aqueous one, the removal of organic pollutants by enzymatic treatment in soil 
system should also be monitored in order to have a more complete picture on the 
degradation ability of enzyme cocktails. 
In addition, reduction of enzyme inactivation by applying potential organic acid 
chelators, other than malonic acid tested in this study, such as oxalate is important 
since the critical concern for using enzyme in environmental cleanup is the duration 
of enzyme to function. Moreover, investigating the effect of immobilization on 
increasing stability of ligninolytic enzymes in enzyme cocktail is feasible because 
immobilization has been reported to reduce the rate of enzyme inactivation and the 
loss of enzymes in treating industrial effluents. This, in turn, lowers the operation 
cost and increases the potential of using enzymes in environmental cleanup. 
Also, ways to increase the shelf life of ligninolytic enzymes by adding stabilizers 
including neutral salts, e.g. ammonium sulphate; polyols, e.g. sorbitol; hydrophilic 
polymers, e.g. hydroxypropylcelluloses, should also be monitored. The stability and 
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